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Abstract
The hurricane storm surge analysis presented in this dissertation examines surge response to changes in the Louisiana coastal landscape and Gulf of Mexico water level from
1850 to 2110. Land to water (L:W) isopleths, lines depicting areas of constant land to water ratio along the modern Louisiana coast, are utilized in the development of a simplified
storm surge model that closely reproduces the surge output of a state-of-the-art detailed
model. Eleven comparable storm surge models are constructed with each featuring a representation of the Louisiana coastal landscape circa 1850, 1890, 1930, 1970, 1990, 2010,
2030, 2050, 2070, 2090 and 2110. Each storm surge model is forced with the same suite of
historical hurricane wind and pressure fields and contemporaneous global mean sea level
scenario. Differences in storm surge characteristics are quantified and analyzed.
Four distinct stages in the evolution of coastal Louisiana are identified: 1. 1850-1890:
Minimal to no change in both landscape and storm surge heights; 2. 1890-1930: Increased
surge heights in the Atchafalaya-Vermilion, Terrebonne and Barataria coastal basins due
to disappearance of coastal forests and excavation of Wax Lake Outlet; 3. 1930-2010:
Minimal change in surge heights in the Atchafalaya-Vermilion coastal basin relative to
adjacent Terrebonne and Barataria coastal basins due to emergence and growth of the
Wax Lake and Atchafalaya Deltas; 4. 2010-2110: Drowning of all three coastal basins due
to future global mean sea level (GMSL) rise and subsidence.
Lafitte, Louisiana, demonstrates the coastal community-scale impact of past and future
relative sea level rise. Established in 1730, this area did not begin to regularly flood
until 2010 following substantial wetland collapse between Lafitte and Barataria Bay. After
nearly 300 years of existence, a comprehensive flood risk reduction system is no longer
financially feasible for this coastal community. However, projecting the configuration of
the Louisiana coastal landscape and surge response through 2110 enables more effective
long-term planning for coastal communities such as Lafitte.
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Chapter 1
Introduction
Deltas across the world are drowning due to relative sea level rise (sum of local subsidence and eustatic sea level rise), which are impacting humans and ecosystems that rely on
their existence (Syvitski et al., 2009; Vorosmarty et al., 2009). River management decisions
have intensified relative sea level rise trends during the last century in major river deltas
including the Mississippi (Blum and Roberts, 2009; Day et al., 2007; Twilley et al., 2016).
Annual rates of global mean sea level (GMSL) rise are projected to increase throughout
the twenty-first century (Jevrejeva et al., 2016; Stocker et al., 2013; Sweet et al., 2017),
which will further stress river deltas and their inhabitants. The goal of this dissertation
research is to examine the change in storm surge characteristics (e.g., inland surge height,
inundation time and significant wave height) over the historical and future period spanning
1850 to 2110 and to identify the major contributing mechanisms to surge variance.
Gagliano et al. (1970) asked the question: “Is the (Mississippi) delta, and for that
matter the coastal area on the whole, building or retreating?” Gagliano et al. (1970)
stated the predominant understanding of Louisiana coastal processes as of 1970 was while
the Mississippi Delta was retrograding in some areas, it was also prograding in other areas,
which more than compensated for relative sea level rise. The development of 50% land to
water (L:W) isopleths, lines connecting areas of the same land to water ratio, for the years
1930 and 1970 along with a prediction for the year 2000 demonstrated how the southeast
Louisiana coast was overall migrating inland 1930 to 2000 (Gagliano et al., 1970).
1.1

Hypothesis and research objectives
This dissertation tests the following hypothesis:

Gulf of Mexico inland migration to coastal Louisiana correlates with increased storm surge.
Five research questions are also addressed:
1. How can storm surge models for historical eras be constructed so that the results are

1

comparable?

2. What is the rate of change of historical hurricane storm surge characteristics across
the eras: 1850, 1890, 1930, 1970, 1990, 2010?

3. Which of the following is the major contributor to change in storm surge characteristics: sediment delivery, global mean sea level rise or the dredging of major navigation
waterways?

4. How will hurricane storm surge characteristics change when progressing through the
future periods of 2030, 2050, 2070, 2090, 2110?

5. How can inland migration of the Gulf of Mexico be related to flood risk for a coastal
community?

The L:W isopleth concept is re-applied via this dissertation research to identify L:W
isopleths that effectively simplify a detailed storm surge model mesh representation of
the modern Louisiana coastal landscape (Siverd et al., 2018). The same isopleths (90%,
40%, 1%) are derived to develop comparably simple historical mesh representations of the
Louisiana coast circa 1850, 1890, 1930, 1970, 1990 and 2010. The 2010 L:W isopleths
are applied in the development of future mesh representations of coastal Louisiana circa
2030, 2050, 2070, 2090 and 2110. Simple mesh representations of the Louisiana coast
are constructed due to the absence of comparable topo-bathymetric data for each mesh
year pre-2000 (Siverd et al., 2018). Surge characteristics such as maximum water surface
elevation, inundation time, and maximum significant wave height are quantified and linked
to changes in riverine sediment input on a coastal basin scale. A case study is also conducted
and examines the impact of landscape and Gulf of Mexico (GOM) water surface elevation
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changes for a coastal community. This research addresses the challenge issued by Resio
and Westerink (2008) to develop storm surge models that could be used to design flood
defenses through an approach that “looks far into the future”. An approach that projects
changes in the Louisiana coastal landscape and storm surge characteristics 100 years into
the future facilitates more effective flood defense planning across south Louisiana.
The following sections provide a brief summary of the following chapters, Chapter 2,
3, 4, and 5.
1.2

Storm surge model mesh simplification
The Mississippi River Delta ranks the seventh largest delta in the world. It provides a

habitat for the Louisiana seafood industry, navigation canals and rivers that support five
of the 15 largest cargo ports by volume in the United States, and hurricane storm surge
protection for coastal cities and oil and gas industry infrastructure that facilitates 90%
of the outer continental oil and gas extraction. Due to substantial coastal wetland loss
since 1900, the risk of damage to these industries and infrastructure has increased through
time. The goal of this research is to develop a methodology to analyze the historical and
future evolution of coastal hazards, such as hurricane storm surge, across a complex, lowlying coastal landscape. To accomplish this task, the change in coastal hazards is analyzed
through historical changes in coastal wetlands. Specifically, isopleths, defined as lines on
a map indicating a constant value of a given variable, are developed to describe areas of
constant values of the ratio of land to water (L:W) across coastal Louisiana.
In this analysis, a methodology is developed that utilizes land to water (L:W) isopleths
to simplify the modern day Louisiana coastal landscape as represented in a state-of-the-art
high resolution storm surge model. L:W isopleths are derived for the year 2010 and used to
construct 36 storm surge models, each featuring variations of three distinct coastal zones:
“High” (i.e. high wetland), “Intermediate” (i.e. wetland), and “Submersed” (i.e. region
between open water and wetland). The ADvanced CIRCulation (ADCIRC) code is used
to compute water surface elevations and depth-averaged currents forced by hurricane wind
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and pressures from Hurricanes Rita, Gustav, and Katrina for each model. Peak water levels
and volume of inundation are quantified within hydrologic unit code watersheds (HUC12)
in order to compare storm surge models featuring high resolution and simplified coastal
landscapes.
A L:W isopleth permutation of 99% - 90% - 40% - 1% with areas labeled “High” (99%
- 90%), “Intermediate” (90% - 40%) and “Submersed” (40% - 1%) is found to best represent simulated storm surge that most closely reproduces the high resolution storm surge
model. Simulation results reveal the methodology developed in this analysis is effective
in identifying an isopleth permutation that accurately simplifies a high resolution storm
surge model. This result may lead to future analyses of the historical evolution of storm
surge attenuation in the Mississippi River Delta as well as other complex, low-lying deltas.
These possibilities include developing storm surge models for the years 1930 and 1970, for
instance, with the same isopleth permutation to examine the changes in storm surge attenuation through time. This analysis could also be applied in other similar low-lying coastal
regions to conduct past and future analyses of the evolution of coastal hazards.
This chapter has been published in Coastal Engineering as Siverd et al. (2018).
1.3

Louisiana landscape and surge evolution 1930-2010
The co-evolution of wetland loss and flood risk in the Mississippi River Delta is tested

by contrasting the response of storm surge in coastal basins with varying historical riverine sediment inputs. A previously developed method to construct hydrodynamic storm
surge models is employed to quantify historical changes in coastal storm surge. Simplified
historical landscapes facilitate comparability while storm surge model meshes developed
from historical data are incomparable due to the only recent (post-2000) extensive use
of lidar for topographic mapping. Storm surge model meshes circa 1930, 1970 and 2010
are constructed via application of land to water (L:W) isopleths, lines that indicate areas of constant land to water ratio across coastal Louisiana. The ADvanced CIRCulation
(ADCIRC) code, coupled with the Simulating WAves Nearshore (SWAN) wave model, is
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used to compute water surface elevations, time of inundation, depth-averaged currents and
wave statistics from a suite of 14 hurricane wind and pressure fields for each mesh year.
Maximum water surface elevation and inundation time differences correspond with coastal
basins featuring historically negligible riverine sediment inputs and wetland loss as well as
a coastal basin with historically substantial riverine inputs and wetland gain. The major finding of this analysis is maximum water surface elevations differences from 1970 to
2010 are 0.247 m and 0.282 m within sediment-starved Terrebonne and Barataria coastal
basins, respectively. This difference is only 0.096 m across the adjacent sediment-abundant
Atchafalaya-Vermilion coastal basin. Hurricane Rita inundation time results from 1970 to
2010 demonstrate an increase of approximately one day across Terrebonne and Barataria
while little change occurs across Atchafalaya-Vermilion. The connection between storm
surge characteristics and changes in riverine sediment inputs is also demonstrated via a
sensitivity analysis which identifies changes in sediment inputs as the greatest contributor
to changes in storm surge when compared with historical global mean sea level (GMSL)
rise and the excavation of major navigation waterways. Results imply the magnitude of
the challenge of preparing this area for future subsidence and GMSL rise.
1.4

Louisiana landscape and surge evolution 1850-2110
Storm surge models are constructed and feature directly comparable representations

of the Louisiana coastal landscape circa 1850, 1890, 1930, 1970, 1990, 2010, 2030, 2050,
2070, 2090 and 2110. Historical maps are utilized in the development of models with past
landscapes while a continuation of recent landscape trends is assumed for future models.
The same suite of historical hurricane wind and pressure fields is simulated with each
storm surge model. Simulation results for 1850 and 1890 demonstrate minimal change
in storm surge characteristics along the Louisiana coast. A mean maximum storm surge
height increase of 0.26 m from 1930 to 2010 is quantified within the sediment abundant
Atchafalaya-Vermilion coastal basin, while increases of 0.34 m and 0.41 m are quantified
within sediment-starved Terrebonne and Barataria, respectively. Future mean maximum
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storm surge heights increase across these three respective coastal basins by 0.67 m, 0.55
m and 0.75 m, indicating minimal differences from 2010 to 2110, regardless of sediment
availability. Inundation time and maximum significant wave heights demonstrate similar
trends. Results indicate past changes in the Louisiana coastal landscape and storm surge
were a consequence of local land and river management decisions while future changes
are dominated by relative (subsidence and eustatic) sea level rise. Results also suggest
historical coastal deforestation impacts occur in areas on the smaller sub-watershed scale
while modern wetland loss impacts occur on a coastal basin scale. By 2110 increases
in inland surge heights are double that of the applied sea level rise indicating a nonlinear
relationship between storm surge height and global mean sea level (GMSL) rise. Projecting
landscape and surge changes beyond 50 years could aide policy makers as they work to
enhance resilience across coastal Louisiana. Similar analyses could be conducted for other
deltas across the world, such as the Ganges, that are experiencing challenges comparable
to those of the Mississippi River Delta.
1.5

Case study: Lafitte, Louisiana
The goal was to approximate flood defense costs from cyclonic flooding as a partial

means to evaluate the resilience of coastal communities. Storm surge models were constructed via an established approach to represent historical and future coastal Louisiana
landscapes and associated flood patterns. Coastal flooding was simulated from a suite of
14 hurricanes. Approximate levee heights surrounding Lafitte, Louisiana, were calculated
(NAVD88, m): 1.68 (1930), 2.92 (1970), 3.30 (1990), 4.82 (2010), 5.93 (2030), 6.57 (2050),
7.16 (2070), 7.70 (2090) and 8.22 (2110). Approximate costs per person were calculated
(2010 USD): $49,500 (1930), $41,400 (1970), $37,500 (1990), $181,600 (2010), $223,600
(2030), $247,800 (2050), $269,900 (2070), $290,100 (2090) and $309,800 (2110). The Gulf
of Mexico (GOM) migrated 7.4 km inland within the Louisiana Barataria coastal basin from
1973 to 2010. Lafitte flood defense costs increased approximately (2010 USD) $19,000 per
person per kilometer inland migration of the GOM from 1973 to 2010. The methodology
6

developed in this case study effectively connects wetland loss with increased flood defense
costs and can be applied to communities with similar challenges.
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Chapter 2
Hydrodynamic Storm Surge Model Simplification via
Application of Land to Water Isopleths in Coastal Louisiana1
2.1

Introduction
The wetlands of the Mississippi River Delta (MRD) comprise the seventh largest delta

in the world (Couvillion et al., 2011) and create a habitat for the (approximately) USD
3 billion/year Louisiana seafood industry (Restore the Mississippi Delta Coalition, 2012).
The river dominated delta (Coleman et al., 1998; Galloway, 1975) draws runoff from 31 U.S.
States and two Canadian provinces (U.S. Army Corps of Engineers, 2016b) and features five
of the 15 largest ports (by cargo volume) in the U.S. accounting for 20% of all waterborne
transport in the country (Restore the Mississippi Delta Coalition, 2012). In addition,
wetlands of the MRD and of the Chenier Plain collectively comprise the Louisiana coastal
landscape and provide hurricane storm surge protection for coastal cities from New Orleans
to Lake Charles and oil and gas industry infrastructure that produces 90% of the U.S.’s
outer continental oil and gas (Coastal Protection and Restoration Authority, 2017).
Unfortunately since 1900 and prior to the landfall of Hurricane Katrina in 2005, according to Costanza et al. (2008), the surface area of the MRD wetlands was reduced by
480,000 ha (1,850 sq mi) and Katrina temporarily reduced the wetlands by an additional
20,000 ha (77 sq mi). This resulted in a total wetland storm protection value loss of USD
28.3 billion and USD 1.1 billion, respectively (Costanza et al., 2008). With recent studies
predicting high future global and relative sea level rise (RSLR) along the Louisiana coast
(Jevrejeva et al., 2016; Parris et al., 2012; Sweet et al., 2017), understanding the historic
response of coastal storm surge to wetland loss could provide insight into future storm surge
characteristics. This understanding may also further affirm the dynamic and non-linear re1

The content of this chapter previously appeared as Siverd, C. G., Hagen, S. C., Bilskie, M. V.,
Braud, D. H., Peele, R. H., Twilley, R. R. (2018). Hydrodynamic Storm Surge Model Simplification
via Application of Land to Water Isopleths in Coastal Louisiana. Coastal Engineering, 13(3), 605-627,
doi:10.1016/j.coastaleng.2018.03.006. Please see permission letter in Appendix A.
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lationship in both space and time of RSLR and storm surge (Atkinson et al., 2013; Bilskie
et al., 2016, 2014).
In 1963, the United States Army Corps of Engineers (USACE) investigated the response
of coastal storm surge to the presence of wetlands and found through observing seven
storms that made landfall across coastal Louisiana that storm surge can be attenuated by
approximately one vertical meter for every 14.5 horizontal kilometers of coastal wetlands
(U.S. Army Corps of Engineers, 1963). However, this “rule of thumb” was derived from
data with substantial scatter due to the difficulty in accounting for complex landscapes or
varying hurricane characteristics (Lawler et al., 2016; Lovelace, 1994; McGee et al., 2006;
Wamsley et al., 2010). Since the 1963 research by the USACE, numerous studies have
employed hydrodynamic models to examine hydrodynamic coastal processes including the
effect of storm parameters and local topo-bathymetry on storm surge attenuation (Barbier
et al., 2013; Bunya et al., 2010; Chen et al., 2005, 2008; Chen and Zhao, 2011; Dietrich et al.,
2010; Karim and Mimura, 2008; Lesser et al., 2004; Moller et al., 2014; Resio and Westerink,
2008; Shepard et al., 2011; Suzuki et al., 2012; van Rijn et al., 2007; Wamsley et al., 2010;
Westerink et al., 2008). Storm parameters such as landfall location, wind velocity, size and
duration have been shown to influence coastal storm surge propagation (Irish et al., 2008;
Lawler et al., 2016; Loder et al., 2009; Resio and Westerink, 2008; Wamsley et al., 2010;
Zhang et al., 2012). Furthermore, recent hydrodynamic model development studies have
emphasized increasing model resolution to improve the accuracy of simulated hydrodynamic
processes by better representation of coastal landscapes (Ali, 1999; Bilskie et al., 2015;
Bilskie and Hagen, 2013; Blain et al., 1998; Dietrich et al., 2011a; Lawler et al., 2016;
Luettich and Westerink, 2004; Massey et al., 2011, 2015; Walstra et al., 2012; Westerink
et al., 2008). These studies suggest that storm surge depends on the geometry of the
local coastal landscape, including elevation (topography and bathymetry) and structural
characteristics of the coastal vegetation (bottom roughness). Specifically, studies focused
on coastal Louisiana (Loder et al., 2009; Wamsley et al., 2010) and the mid-Atlantic coastal
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region of the U.S. (Lawler et al., 2016) indicate that the influence of fragmented wetlands
on storm surge diminishes with increased surge depth.
Finer storm surge model mesh resolution (i.e. shorter element lengths and smaller
distances between mesh nodes), the application of lidar to improve topographic mapping,
and advancements in high performance computing (HPC) have clearly improved the knowledge of storm surge propagation across the coastal landscape (Bilskie et al., 2015, 2016;
Bilskie and Hagen, 2013; Bunya et al., 2010; Dietrich et al., 2010; Kashiyama et al., 1997;
Massey et al., 2011; Medeiros et al., 2011; Mori et al., 2014; Sanders et al., 2010). However, modern remote sensing technology, such as lidar, has only been in existence since
the early 1970s. The emergence of lidar coincided with the rapid advance in computing
capabilities, digital and analog electronics and later the development of global positioning
systems (GPS) in the 1980s (Brock and Purkis, 2009; Krabill et al., 1984). By the 1990s,
lidar technology advancement and cost reduction allowed this new technology to be deployed in the field and by the 2000s it was extensively used to map topographic features
of coastal zones (Brock et al., 1999; Brock and Purkis, 2009; Sallenger et al., 1999, 2003,
2007). Lack of high-resolution elevation data for coastal wetlands and a lack of common
data collection methods (i.e. airborne lidar-derived elevations versus traditional field surveys) for past decades (e.g. pre-1990) poses a challenge when attempting to model and
examine storm surge response to historical coastal landscapes for historic eras (i.e. how
coastal Louisiana’s wetland loss over recent decades has altered storm surge attenuation
and protection). Therefore, a storm surge model of the modern Louisiana coast featuring
high mesh resolution and a detailed topo-bathymetric landscape cannot be compared to
storm surge models developed from antiquated data (and data collection methods).
To compare storm surge response to modern and historic landscapes, an equivalent
model development methodology must be employed. This can be accomplished with isopleths describing the ratio of land to water (L:W). Isopleths have been used in fields of
study such as meteorology (Sawyer, 1956) and are defined as “a line on a map connecting
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points at which a given variable has a specified constant value” (Merriam-Websterm, 2017).
In this analysis, the points of specified constant value that create a line describe the percent
of land with respect to water. Presently (2017), these points can be derived from a satellite
image or aerial photography to yield the constant value of the ratio of land to water along
the Louisiana coast. Alternatively, the same procedure can be applied to digitized historical maps. In the present analysis, the major goal is to develop a methodology that utilizes
L:W isopleths to simplify the modern day Louisiana coastal landscape as represented in a
state-of-the-art high resolution storm surge model. It is hypothesized that simulated peak
water levels and inundation volume from the L:W isopleth derived storm surge model will
be comparable to that of the high resolution model. The following sections present the
methodology developed to apply the L:W isopleths to a high resolution model of coastal
Louisiana, simplify it, and validate this simplified coastal landscape model by comparing
it to the high resolution model.
2.2

Study area
The study area is the coastal Louisiana landscape bounded by the Sabine River (west),

Pearl River (east), Intracoastal Waterway (ICWW) (north) and the Gulf of Mexico (south)
(Figure 2.1a). Within this region exists two distinct coastal landscapes; the retrograding
Mississippi River Delta (MRD) (Bentley et al., 2016; Blum and Roberts, 2009) east of the
Atchafalaya Delta (Figure 2.1a) and the prograding Chenier Plain west of the Atchafalaya
Delta (Bentley et al., 2016; Huh et al., 2001). MRD formation began approximately 7,500
years before present (BP) with the substantial reduction in the rate of sea level rise (SLR)
and the building of the Maringouin-Sale-Cypremort Delta southeast of the modern-day
city of Lafayette. Approximately 5,500 years BP the Mississippi River avulsed to begin the
formation of the Teche Delta, next the St. Bernard Delta 4,000 years BP, the Lafourche
Delta 2,500 years BP, Balize Delta 1000 years BP and the Atchafalaya-Wax Lake Deltas 400
years BP. The Balize and Atchafalaya-Wax Lake Deltas are the only two deltas still active
(Bentley et al., 2016; Blum and Roberts, 2009; Roberts, 1997). The landscape formed

11

by this process of river avulsion and delta creation is characterized by vast expanses of
low elevation barrier islands, coastal marshes and forests. Following the implementation
of flood control levees along the Mississippi River, the MRD has experienced landward
transgression of the Gulf of Mexico (Bentley et al., 2016; Blum and Roberts, 2009; Twilley
et al., 2016).
The Chenier Plain (CP), named after a French term for oak trees, refers to a series of
sea shell and sand ridges with oak trees as the predominate vegetation type. These ridges
span east-west between the Atchafalaya-Wax Lake Deltas and the Sabine River with fresh
and brackish marsh between each ridge (Bentley et al., 2016; Howe et al., 1935; Russell and
Howe, 1935; Gould and McFarlan, 1959) confirmed the ridges formed when the Mississippi
River created deltas on the far eastern side of the MRD which lead to erosion in the CP.
Gould and McFarlan (1959) also stated the mudflats and marshland between the Chenier
ridges formed during eras of delta progradation on the west side of the MRD. Due to the
currently active Atchafalaya-Wax Lake Deltas on the west side of the MRD, the CP is in
a current state of progradation (Bentley et al., 2016; Huh et al., 2001).
2.3

Hydrodynamic model
The ADvanced CIRCulation (ADCIRC) code is utilized to compute water surface el-

evations and depth-averaged current velocities for select historical hurricanes across an
unstructured finite element mesh. The version of ADCIRC employed is two-dimensional,
depth-integrated, and solves the continuity and momentum equations (Kolar et al., 1994;
Luettich et al., 1992; Luettich and Westerink, 2004; Westerink et al., 2008). The 1.4 million
node and 2.7 million element mesh is a modified version of the CPRA2017 mesh, which
was developed for the Louisiana Coastal Protection and Restoration Authority of Louisiana
(CPRA)’s 2017 Coastal Master Plan. The mesh spans the western north Atlantic Ocean
(from the 60◦ W meridian), Caribbean Sea, and Gulf of Mexico and highly resolves the
coastal features along the Gulf of Mexico from Mobile Bay, Alabama to the Bolivar Peninsula, Texas. It incorporates the most recent elevation data of south Louisiana and is an
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Figure 2.1. a) 2010 land to water (L:W) isopleths. The black line indicates the Intracoastal
Waterway (ICWW) which is the northern most boundary of this study. b) Inset from (a).
Bands derived from L:W isopleths (unchanged from the detailed model: waterways, barrier
islands and interior land forms). Cool colors indicate bands with more water than land.
Warm colors indicate bands with more land than water. c) 2010 polygons derived from the
bands in (b) for isopleth permutation 99% - 90% - 40% - 1%.
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updated version of the CPRA2012 mesh (Cobell et al., 2013). Only wind and pressure
forcings are included in this surge analysis. Waves, tides and riverine discharges are not
included for reasons as follows. The Louisiana coast features a diurnal micro-tidal regime
with a range of 0.32 m (National Oceanic and Atmospheric Administration, 2018). In addition, Mississippi River discharge during the three hurricanes to be simulated would have
minimal influence on the results. Finally, to specifically examine the interaction of surge
with the landscape, waves are not included. Future efforts can build in these complexities,
but for the present study simplicity is warranted in this preliminary examination.
To study the change in coastal storm surge through time, the representation of the
historic landscape in storm surge models must be comparable to the landscape presented
in modern (2017) models. Since relatively few levees existed in south Louisiana in the mid1800s, except Mississippi River levees (Barry, 1997; Campanella, 2008), and levees south
and west of the Mississippi River have substantially changed since the mid-1800s, the levees
in this area are removed from the high resolution storm surge model mesh of modern day
coastal Louisiana. This allows for the proper evaluation of the temporal impact of wetland
loss on storm surge across coastal Louisiana. This high resolution mesh with levees removed
is utilized throughout this analysis and is referred to as the “detailed model”. This new
name allows for the distinction of this model from the “simple model” which is created by
applying the L:W isopleths to the detailed model.
2.4

Model simplification and basis of assessment

2.4.1

L:W isopleth description and derivation

In this analysis, a L:W isopleth is defined as a line that connects points of constant
percent of land with respect to water along the Louisiana coast. L:W isopleths are derived
for the year 2010 from satellite imagery and the ratio of land surface area to water surface
area within a specified bounding box along the Louisiana coastal landscape (Gagliano et al.,
1970, 1971; Twilley et al., 2016). L:W isopleths are employed to develop a simplified version
of the detailed model of coastal Louisiana. Due to the diurnal micro-tidal regime along the
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Louisiana coast, a tidal range of 0.32 m, tides are not included in the derivation of L:W
isopleths (National Oceanic and Atmospheric Administration, 2018).
The L:W ratio of the 2010 Louisiana coastal landscape is produced using spatial analysis
of a land-water image derived from satellite imagery. A 101 m x 101 m neighborhood moving
window operator is applied to the binary land-water raster image. An analytical function
calculates the ratio of land-to-water inside the macro-sized floating window and assigns
the result to the center pixel of the window. Each pixel in the region is independently
analyzed. The result is a continuous pixel-by-pixel representation of the land-water ratio
in the neighborhood of each pixel from which discrete intervals are vectorized as isopleth
lines in a GIS framework. An isopleth representing any integer value of land-water ratio
from 1-99 is possible. In addition, a color scale can be applied to the continuous image to
simultaneously represent the full range of ratio values. The 2010 L:W isopleths include: 1%,
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 99% (Figure 2.1a). For example, seaward
of the 1% isopleth the area comprises entirely of water. At progressively larger distances
inland from the 1% isopleth, the percentage of land increases until the 99% isopleth is
reached indicating 99% land and 1% water. Areas further inland of this isopleth consist
entirely of land.
2.4.2

Application of isopleths for surge model modification

The L:W isopleths are used to systematically simplify the Louisiana coastal landscape
as represented in the detailed model and are used to identify general elevation polygons
of “Submersed” (i.e. open water to wetland), “Intermediate” (i.e. wetland), and “High”
(i.e. high wetland). Constant elevation and bottom roughness values (i.e. Manning’s n) are
assigned to each polygon. In this process of simplifying the detailed model the unstructured
mesh topology is not altered (i.e. node count and location remains unchanged). Established
major waterways, barrier islands and interior ridges also remain unchanged.
To simplify the detailed model via L:W isopleths, bands are first established between
each of the eleven 2010 isopleths (Figure 2.1b). These bands are then grouped together
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to form polygons for Submersed, Intermediate and High (for example: 99% > High >
90%; 90% > Intermediate > 40%; 40% > Submersed > 1% > Open water) (Figure 2.1c).
The Intermediate polygon is created, for instance, by selecting the bands between 40%
and 90%. Elevations across selected bands within this polygon are averaged from all mesh
nodes within the polygon from the detailed model and are assigned to all mesh nodes in the
entire Intermediate polygon. This process is repeated for the Submersed and High polygons. Therefore, in each respective polygon (High, Intermediate, Submersed), all nodes
have the same value for elevation. A Gaussian smoothing function is applied at each elevation transition: Open Water to Submersed, Submersed to Intermediate, and Intermediate
to High. In the case of Manning’s n, values are assigned to the three polygons in each
model according to the dominate vegetation type in each polygon as described in literature: High: 0.070 (Estuarine scrub/scrub wetland), Intermediate: 0.045 (Brackish marsh),
and Submersed: 0.025 (Open water) (Bilskie et al., 2015; Bunya et al., 2010). Interior lake
bathymetric elevations in the study area are also averaged and this value is assigned to
each lake along with a Manning’s n value of 0.025.
2.4.3

Down selection of L:W isopleth permutations

The purpose of applying L:W isopleths is to create a simple model that closely reproduces the detailed model results. As introduced in the previous section, the L:W isopleths
utilized were derived for the year 2010 and include: 1%, 10%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, 90%, 99% (Figure 2.1a). To establish polygons with the same elevation and
Manning’s n values discussed in the previous section, the possible number of L:W isopleth
permutations is down selected (i.e. narrowed) to find the best possible isopleth permutation
that creates the most accurate simple model with respect to the detailed model.
The study area is bounded by the Intracoastal Waterway (ICWW) or 99% isopleth
(north) and 1% isopleth (south) as these isopleths represent nearly 100% land and nearly
100% water, respectively. In instances where the 99% isopleth extends north of the ICWW,
the ICWW is chosen as the northern most boundary as this canal has been generally fixed
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in place since 1925 (Harrison, 2015). The number of possible isopleth permutations without
repetition is therefore 9! or 362,880. Only two of these nine isopleths are used to create
simple models resulting in a total 72 models that could be developed. However, half of
these permutations, 99% - 80% - 90% - 1% for example, are unrealistic due to the L:W
isopleths not being in descending order. Therefore, a total 36 simple models are created.
2.4.4

Storm surge simulations

The detailed model and 36 simple models are forced with meteorological wind and
pressure fields for Hurricanes Katrina (2005), Rita (2005), and Gustav (2008) which are
generated from an assimilation of objectively analyzed, observed and modeled winds and
pressures (Cox et al., 1995; Powell et al., 1998). These storms are selected because they
made landfall and impacted the east, west and central areas of coastal Louisiana, respectively (Figure 2.2). Simulating hurricanes with three different landfall locations provides
three different Louisiana coastal landscape perspectives when attempting to find the “best
fit” isopleth permutation. Rita struck the Chenier Plan (CP) in southwest Louisiana, Gustav both the CP and MRD in south central Louisiana and Katrina the MRD in southeast
Louisiana. The simulation output for each hurricane derived with the detailed model is
compared to the output for each respective hurricane derived with all 36 simple models.
This comparison of results reveals which simple model (i.e. which permutation of L:W
isopleths) most closely resembles the detailed model.
2.4.5

Application of hydrologic unit code 12 in surge quantification

The 2014 U.S. Geological Survey (USGS) hydrologic unit code 12 (HUC12) sub-watershed
basins are utilized to quantify simulated storm surge model output and to compare detailed
model and simple model results (Seaber et al., 1975, 1987; U.S. Geological Survey, 2015).
HUC12 sub-watersheds are uniquely employed to compare the storm surge model featuring
a detailed model and the simple models results. These sub-watersheds provide geographical
bounds for which maximum water surface elevations (max WSEs) and volume of inundation
are quantified in the landfall region as well as remote areas. This metric defines how local
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Figure 2.2. Tracks of hurricanes simulated in this study: Katrina (black), Gustav (white)
and Rita (dotted).
features impact storm surge responses. The output of results (max WSEs and volume)
from the detailed model and all 36 simple models within each HUC12 are compared on a
HUC12 by HUC12 basis (detailed model vs. simple model) to calculate the mean absolute
maximum water level difference (m) and mean percent error in volume inundated.
2.5

Results

2.5.1

Simple model description

A total 36 simple models are created using various permutations of the L:W isopleths.
For each simple model, an average topographic elevation value is found and assigned to the
polygons labeled High, Intermediate and Submersed. Manning’s n bottom roughness values
of 0.070, 0.045, and 0.025 are also assigned, respectively, to the three polygons, for all simple
models. Hurricane Katrina, Rita and Gustav wind and pressure forcing are simulated with
each of the 36 simple models and with the detailed model for a total of 111 storm surge
simulations. Hydrologic unit code 12 (HUC12) sub-watersheds are employed to find the
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mean maximum water surface elevation and mean volume inundation per HUC12 for each
model. HUC12 sub-watersheds are also utilized to find the mean absolute maximum water
level difference and mean percent error in volume inundated between each simple model
and respective detailed model per HUC12.
For the 99% - 90% - 40% - 1% simple model, the average topographic elevation values
for the three polygons (with respect to NAVD88) are 0.47 m, 0.27 m, and -0.98 m for High,
Intermediate, and Submersed, respectively. The topo-bathymetric landscape of this simple
model (Figures 2.3a and 2.4a) and detailed model (Figures 2.3b and 2.4b) are presented.
In the simple model, the 40% isopleth is clearly indicated by the distinct interface between
green (Intermediate) and gray (Submersed) elevation values along the Louisiana coast (Figure 2.4a). Fragmented wetlands depicted in the detailed model convert to Intermediate and
Submersed in the MRD for the simple model. The elevation difference between the simple
and detailed models and the conversion of fragmented wetlands is indicated by the warm
colors in the MRD (Figure 2.3c). The difference in elevation ranges generally from –1 m to
1 m NAVD88. Manning’s n bottom roughness values for this simple model are presented
in Figure 2.5a. Manning’s n values for the detailed model are shown in Figure 2.5b. Areas
north of the ICWW remain unchanged in both models. The simple model also generally
simplifies the fragmented wetland vegetation.
Topo-bathymetric cross-sectional profiles are obtained within the Atchafalaya (A - A’)
and Terrebonne (B - B’) regions for the simple and detailed models to contrast the sediment abundant (Atchafalaya) and sediment starved (Terrebonne) landscapes (Figure 2.4).
Profiles A – A’ and B – B’ are taken in the same location for each model. Profile A – A’
begins near the ICWW (A) and ends in the Atchafalaya Bay (A’) (Figure 2.4c) and profile
B – B’ (Figure 2.4d) begins on a ridge and ends in the Gulf of Mexico near Raccoon Island.
For profile A – A’, the cross-section of the simple model (orange line) closely follows that
of the detailed model (gray line) with an average absolute difference of 0.11 m between
both cross sections, which is approximately 4.6% of the elevation range and a variance of
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Figure 2.3. a) Topo-bathymetric landscape of the simple model (99% - 90% - 40% - 1%) with
respect to NAVD88. b) Topo-bathymetric landscape of the detailed model with respect to
NAVD88. c) Elevation difference plot: detailed model – simple model.
0.02 m2 . The general trend of land elevations are similar and the location of the shoreline
where elevations rapidly reduce is captured in the simple model. Wetland fragmentation
is minimal across A – A’ whereas substantial wetland fragmentation occurs across B –
B’. Nonetheless, the simple model (orange line) follows the general trends of the detailed
model (gray line) and contains an average absolute difference of 0.21 m, which is approx-
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imately 9.3% of the elevation range and a variance of 0.07 m2 . The increase in wetland
fragmentation is reflected by a greater variance in B – B’ where the landscape contains
larger fluctuations in elevation across the profile. For example, from approximately 6 –
20 km along profile B – B’, the simple model reflects the average elevation of the detailed
model well. In addition, large water bodies are also reflected in the simple model, such as
from 2 – 6 km and 20 – 28 km in B – B’.
Maximum water surface elevations are presented for Hurricanes Rita (Figures 2.6a and
2.6b), Gustav (Figures 2.6c and 2.6d) and Katrina (Figures 2.6e and 2.6f) for the 99% - 90%
- 40% - 1% simple model (Figures 2.6a, 2.6c and 2.6e) and the detailed model (Figures 2.6b,
2.6d and 2.6f) for the duration of each simulation. Maximum peak surge occurs in southwest
Louisiana east of the storm track during Rita and is approximately 4.5 m (NAVD88). A
3 m surge is simulated east of the Mississippi River due to the local geometry of the
Mississippi River levees (Figures 2.6a and 2.6b). Peak surge for Gustav is approximately
3.5 m (NAVD88) and occurs east of the Mississippi River due to the geometry of the
Mississippi River levees, steep elevation gradients along the Mississippi Gulf Coast and the
broad and shallow continental shelf between these two raised topographic features (Figures
2.6c and 2.6d). In a similar fashion for Katrina, a peak surge greater than 8.0 m occurs
along the Mississippi coast.
The mean maximum water surface elevation is computed for Rita (Figures 2.7a and
2.7b), Gustav (Figures 2.7d and 2.7e) and Katrina (Figures 2.7g and 2.7h) per each HUC12
for the 99% - 90% - 40% - 1% simple model (Figures 2.7a, 2.7d and 2.7g), the detailed
model (Figures 2.7b, 2.7e and 2.7h) along with the mean absolute maximum water level
difference (simple – detailed model results) for each storm (Figures 2.7c, 2.7f and 2.7i). For
Rita, this difference ranges from -0.19 m to 0.23 m with four of the total 373 HUC12s in
the range of 0.15 m to 0.23 m (red), six HUC12s between 0.10 m and 0.15 m (red-orange),
eight in the range of -0.19 m to -0.15 m (dark green) and 19 between -0.15 m and -0.10
m (green). Therefore, 336 of the 373 HUC12 values are between +/-0.10 m (light green,
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Figure 2.4. a) Location of profiles A – A’ and B – B’ in the simple model (99% - 90% - 40%
- 1%). b) Location of profiles A – A’ and B – B’ in the detailed model. c) Topo-bathymetric
(m, NAVD88) cross-section of the simple model (orange) and detailed model (gray) at A
– A’. d) Topo-bathymetric (m, NAVD88) cross-section of the simple model (orange) and
detailed model (gray) at B – B’.
white and orange) and 252 of the 373 in the range of +/-0.05 m (white) (Figure 2.7c).
Similarly, for Gustav, the difference ranges from -0.21 m to 0.23 m with 331 of the total
366 HUC12s values in the range of +/-0.10 m (light green, white, orange) and 246 of the
total 366 HUC12 values between +/-0.05 m (white) (Figure 2.7f). Regarding Katrina, the
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difference ranges from -0.24 m to 0.21 m with 323 of the total 363 HUC12 values in the
range of +/-0.10 m (light green, white, orange) and 272 of the total 363 HUC12 values in
the range of +/-0.05 m (white) (Figure 2.7i). Generally, the simple model surge results are
higher along the coast and lower inland relative to the detailed model for all three storms
(Figures 2.7c, 2.7f and 2.7i), particularly on the east side of each storm. However, cross
sections where the greatest WSE differences occur (Figures 2.8 and 2.9) reveal the simple
model overall accurately reproduces the WSEs of the detailed model.

Figure 2.5. a) Manning’s n values of the simple model (99% - 90% - 40% - 1%). b)
Manning’s n values of the detailed model.
To investigate the WSE differences further, two cross-sectional profiles are taken from
the Hurricane Rita (Figure 2.8) and Gustav (Figure 2.9) results: one across the Chenier
Plain (CP) in southwest Louisiana and another across the Mississippi River Delta (MRD)
in southeast Louisiana. Overall these profile plots demonstrate that the WSE results from
the simple model generally mirror those of the detailed model. For instance, profile A
– A’ of Figure 2.8b reveals two topo-bathymetric elevation values of the simple model
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Figure 2.6. Maximum water surface elevations (m, NAVD88) for: Rita simple model (99%
- 90% - 40% - 1%) (a) and detailed model (b), Gustav simple model (c) and detailed model
(d), Katrina simple model (e) and detailed model (f).
(orange) between approximately 32 km and 54 km which accurately resemble the irregular
topo-bathymetric elevation profile (gray) of the detailed model. Similarly, the WSE of
the simple model (red) accurately reproduces the WSE produced by the detailed model
(blue). Profile B – B’ reveals an overall similar trend but with WSE differences between
32 km and 60 km. In this area, the simple model topo-bathymetric elevation is higher and
the WSE elevation is also higher relative to that of the detailed model (Figure 2.8c). For
both profiles, the reverse occurs north of the ICWW with the topo-bathymetric elevations
remaining the same for both models while the WSE for the simple model is lower than that
of the detailed model. In addition, profile B – B’ of Figure 2.9c reveals WSE differences
for Gustav between the simple (red) and detailed (blue) models to be negligible whereas
Figure 2.9b reveals relatively greater differences between the WSEs of the detailed and
simple models indicating the importance of small topographic differences during low WSE
events.
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Figure 2.7. Mean maximum water surface elevations for Rita (a,b,c), Gustav (d,e,f), Katrina (g,h,i), with respect to NAVD88 per hydrologic unit code 12 (HUC12) sub-watersheds
for the simple model (99% - 90% - 40% - 1%) (a,d,g), detailed model (b,e,h), and mean
absolute maximum water level difference (simple model – detailed model) (c,f,i).
2.5.2

Surge results for all 36 simple models

The isopleth permutations are listed in the same order (Figures 2.10 and 2.11) and
this order is based on the mean absolute maximum water level difference per HUC12 with
respect to NAVD88 (Figure 2.10). For the mean absolute maximum water level difference
quantification, the simple model with the lowest error is 99% - 90% - 40% - 1%. This
model yields a mean absolute maximum water surface elevation difference of 0.042 m for
Hurricane Rita when compared to the results of the detailed model. For Hurricanes Gustav
and Katrina, the simple model that most closely resembles the detailed model is 99% 80% - 40% - 1% with mean absolute difference values of 0.043 m and 0.034 m, respectively.
However, the 99% - 90% - 40% -1% simple model results reveal a negligible difference
between these two models with mean absolute difference values of 0.044 m (Gustav) and
0.035 m (Katrina). For Hurricane Rita, the 99% - 80% - 40% - 1% simple model ranks
seventh with a mean absolute difference of 0.056 m. The simple model with the greatest
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Figure 2.8. a) Location of profiles A – A’ and B – B’ in relation to mean absolute maximum
water level difference (simple model – detailed model) for Rita. b) Cross-section of the water
surface elevation (WSE) for detailed (blue) and simple (red) models and topo-bathymetric
(m, NAVD88) cross-section of the detailed (gray) and simple (orange) models at A – A’.
c) Cross-section of the water surface elevation (WSE) for detailed (blue) and simple (red)
models and topo-bathymetric (m, NAVD88) cross-section of the detailed (gray) and simple
(orange) models at B – B’.
error is 99% - 20% - 10% - 1% with differences of 0.214 m (Rita), 0.115 m (Gustav) and
0.105 m (Katrina).
A small number of hydrologic basins yield substantial errors for the mean percent error
in volume inundated computation. Therefore, for each simple model to detailed model
comparison, the top 5 percent of HUC12s with the greatest error is removed and only the
lowest 95 percent of HUC12s is considered. The simple model with the lowest error is also
99% - 90% - 40% - 1% when all three storms are considered with errors of 3.4%, 11.4% and
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Figure 2.9. a) Location of profiles A – A’ and B – B’ in relation to mean absolute maximum
water level difference (simple model – detailed model) for Gustav. b) Cross-section of
the water surface elevation (WSE) for detailed (blue) and simple (red) models and topobathymetric (m, NAVD88) cross-section of the detailed (gray) and simple (orange) models
at A – A’. c) Cross-section of the water surface elevation (WSE) for detailed (blue) and
simple (red) models and topo-bathymetric (m, NAVD88) cross-section of the detailed (gray)
and simple (orange) models at B – B’.
10.2% for Rita, Gustav and Katrina, respectively (Figure 2.11). For Rita, errors range from
3.2% to 16.5% for the 99% - 90% - 50% - 1% and 99% - 20% - 10% - 1% simple models. For
Gustav, errors range from 10.7% to 18.7% for the 99% - 80% - 40% - 1% and 99% - 30% 10% - 1% simple models. Lastly, the percent error volume ranges from 10.2% to 16.9% for
the 99% - 90% - 40% - 1% and 99% - 20% - 10% - 1% simple models for Katrina.
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2.6

Discussion

2.6.1

Establishment of L:W isopleth approach

The mean absolute maximum water level difference and mean percent error volume
inundated are used to identify the L:W isopleth permutation that yields a simple model
which closely resembles the detailed model in both landscape features and storm surge
response. Therefore, the 99% - 90% - 40% - 1% isopleth permutation is identified as the
“best-fit” simple model and is henceforth referred to only as “simple model”. The mean
absolute difference of the maximum water surface elevation between the detailed model
and simple model for Rita is 0.042 m with maximum values not exceeding 0.23 m or -0.19
m (Figure 2.7c). For Gustav, the mean difference is 0.044 m with a range of -0.21 m to
0.23 m (Figure 2.7f) and for Katrina the mean difference is 0.035 m with a range of -0.24
m to 0.21 m (Figure 2.7i). The mean percent error in volume inundated per HUC12 for all
three storms also supports the simple model as the closest representation of the detailed
model by having collectively the lowest error of all 36 simple models (Figure 2.11).
Simplifying the modern Louisiana coastal landscape using L:W isopleths has many
benefits. Because the isopleths are obtained solely from satellite imagery, they are derived
irrespective of the geologic, sea level, wetlands or human migration processes ongoing at
the time the satellite imagery is taken. Therefore, the same methodology could be applied
to both the retrograding Mississippi River Delta (MRD) and the prograding Chenier Plain
(CP). In addition, this methodology effectively accounts for wetland fragmentation along
the Louisiana coast and emphasizes the importance of a solid, unfragmented land mass in
the reduction of storm surge along the Louisiana coast. Fragmented wetlands in the MRD
depicted in the detailed model convert to Intermediate and Submersed in the simple model
(Figure 2.4). The fragmented wetlands that convert to Intermediate and Submersed also
corresponds with the areas of substantial land loss along the Louisiana coast (Blum and
Roberts, 2012). This can also be seen in the cross-sectional profiles A – A’ and B – B’
(Figure 2.4). The simple model cross-sectional profile closely follows that of the detailed
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Figure 2.10. Mean absolute maximum water level difference (m) of all HUC12 subwatersheds for Hurricanes Rita, Gustav, Katrina for each of the 36 simple models vs the
detailed model.
model (Figure 2.4c) in the sediment abundant Atchafalaya Delta area while the simple
model profile does not follow that of the detailed model (Figure 2.4d) as closely in the
sediment starved Terrebonne Bay area.
Additional benefits of employing L:W isopleths include the ability to create comparable
storm surge models for different time eras. A surge model developed using, for instance,
1930s data (bathymetry, topography, and land cover), could not be compared to a surge
model developed in 2010 using “state of the art” technology to collect bathymetric, topographic, and land cover data from that era. This is due to the relatively primitive data
collection methods of the 1930s and resulting substantial absence of topo-bathymetric data
across the Louisiana coast for this time period. However, L:W isopleths have the capability
to link these two eras through use of the similar methodologies to derive the isopleths for
both eras and, for example, through the application of the elevation and Manning’s n values
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Figure 2.11. Mean percent error in 95 percentile volume inundated of all HUC12 subwatersheds for Hurricanes Rita, Gustav, Katrina for each of the 36 simple models vs the
detailed model.
utilized in each 2010 coastal zone to each respective coastal zone in 1930 with the extent of
the 1930 coastal zones determined by the 1930 L:W isopleths. Similarly, comparable surge
models could also be constructed for other eras such as 1970 and 2000 to gain even more
insight into changes in storm surge along coastal Louisiana through time.
Establishing the 99% - 90% - 40% - 1% simple model as the most accurate simplified
representation of the modern Louisiana coast is significant because Twilley et al. (2016)
showed the far inland migration of the 50% isopleth between the years 1930 and 2010
especially in Terrebonne Parish. The 50% isopleth is located near the 40% isopleth for
2010. Because the 50% L:W isopleth is much closer to the Gulf of Mexico in 1930 compared
to 2010 in Terrebonne Parish (Twilley et al., 2016), there are likely substantial differences
in surge response in this area for these two time periods due to the changes in the coastal
landscape in this area.
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Yet another benefit of applying L:W isopleths to simplify the detailed model is the
potential increase in computational efficiency and decrease in simulation wall clock time
through coarsening the simple model mesh. The simple model mesh was not coarsened in
this study. However, for a mesh with a high-density node count, this methodology could
be adapted to increase horizontal mesh resolution and thereby reduce the mesh node count
increasing computational efficiency.
2.6.2

Broader findings and implications

The U.S. Army Corps of Engineers (1963) established that storm surge is reduced one
vertical meter for every 14.5 horizontal kilometers of coastal wetlands. However, this analysis and more recent analyses (Lawler et al., 2016; Loder et al., 2009; Resio and Westerink,
2008; Wamsley et al., 2010) show this is an over simplification of the surge-wetland relationship and numerical models that accurately simulate coastal processes should be employed.
This is confirmed with the profiles shown in Figures 2.8 and 2.9. In profile A – A’ of Figure
2.8, surge attenuates exponentially from approximately 3.8 m to 2 m over about 22 km
of mostly continuous wetlands (or approximately 1 m per 13.75 horizontal km) for both
the simple and detailed models. In profile B – B’, surge reaches a height of approximately
1.8 m about 47 km inland for the simple model (about 1.6 m detailed model) and does
not decrease to 1.0 m for both models until about 60 km inland. Therefore, in profile B –
B’, surge builds from the coast until approximately 47 km inland and is not substantially
reduced until approximately 60 km inland even though there are 47 km of fragmented wetlands between the Gulf of Mexico and the location of maximum surge height. In profile A
– A’ of Figure 2.9, the low surge generated on the west side of Gustav is attenuated by a
coastal Chenier ridge for the detailed model and propagates further inland for the simple
model due to the lowering of this ridge in the simplifying process. In profile B – B’, surge
reduces linearly from 2 m to approximately 0.8 m over 60 km (or approximately 1 m per
50 horizontal km).
In addition, Resio and Westerink (2008) found that for a fast moving storm like Hurri-
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cane Rita the maximum inland attenuation rates range from 1 m per 11 km to 1 m per 19
km in southwest Louisiana. Resio and Westerink (2008) also found in southeast Louisiana,
where winds were constant in direction and magnitude for a long period of time, surge
increases up to the Mississippi River levee near English Turn 40 km inland from the Gulf
of Mexico. This shows that wetlands provide frictional resistance to surge for only a limited period. These findings along with those shown in Figures 2.8 and 2.9 confirm surge
attenuation cannot be described by a single rule of thumb because this simple rule does
not consider details such as storm forward speed and the diminished surge reduction capability of wetlands associated with stationary storms. Therefore, storm surge attenuation is
governed by many factors including but not limited to storm size, wind velocity, duration,
landfall location and regional topo-bathymetry.
Wetland fragmentation also influences surge attenuation rates. As indicated by this
study and other studies (Gagliano et al., 1970, 1971; Twilley et al., 2016), L:W isopleths
capture the decay of the MRD on a broader scale while highlighting the resilience of the
Wax Lake and Atchafalaya Deltas (Bentley et al., 2016; Blum and Roberts, 2012; Roberts,
1997). These two deltas reveal the importance of a solid, unfragmented land mass in
the reduction of surge. When converted to only land or only water (i.e. no fragmented
wetlands along the coast) the Louisiana coastline moves farther inland in the MRD, east
of the Wax Lake and Atchafalaya deltas, but remains in approximately the same location
along these deltas and along the CP west of the Wax Lake and Atchafalaya Deltas (Figure
2.3). This corresponds with findings of previous studies. Barbier et al. (2013) emphasizes
the importance of unfragmented wetlands by showing a 1% increase in the wetland:water
ratio reduces surge by 8.4% to 11.2% along a transect in the Caernarvon Basin. Other
studies have also shown storm surge reduction capabilities of fragmented wetlands decrease
as surge depth increases (Lawler et al., 2016; Loder et al., 2009; Wamsley et al., 2010).
In addition, in profile B – B’ of Figure 2.8, the water surface elevation (WSE) for
the simple model is 1.8 m while that of the detailed model is about 1.6 m. As can be
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seen in Figure 2.8c, the higher WSE for the simple model corresponds with a higher topobathymetric elevation than that of the detailed model. The same can be seen in profile B
– B’ between 30 and 48 km (Figure 2.9c). Conversely, north of the ICWW, the WSE in
this region is lower for the simple model than the detailed model. However, topographic
elevations are equal north of the ICWW for both models. Therefore, it is found that
surge heights are reduced in lower wetland elevations and surge is able to penetrate further
inland, whereas higher wetland elevations restrict inland flooding. This same phenomena
was found by Loder et al. (2009) who tested an idealized wetland area featuring a constant
size and roughness with varying topo-bathymetric elevations and surge heights. For a
wetland elevation of 2.0 m and a surge height of 1.8 m, Loder et al. (2009) discovered surge
heights are higher along the coast and lower farther inland relative to the same area with
a wetland elevation of 0.5 m and surge height of 1.8 m.
Major local topo-bathymetric features can also substantially impact surge response.
Three major local topo-bathymetric features: the Mississippi River levees, the ancient
deltaic lobe of the Mississippi River and the Mississippi Gulf Coast influence surge heights
across coastal Louisiana and coastal Mississippi (Figure 2.6). For Katrina, surge elevations
are raised between the Mississippi River levees and the state of Mississippi coast due to these
three topo-bathymetric features (Chen et al., 2008) and the northerly track of the storm
across southeastern Louisiana. The counter-clockwise rotation of the hurricane causes surge
to build between the levees and Mississippi coast and the shallow shelf elevates the surge
(Figure 2.6e and f). These factors result in high inland coastal flooding in Mississippi and
along the northeast shoreline of Lake Pontchartrain. These high surge levels are also shown
by Bunya et al. (2010) across coastal Louisiana and Bilskie et al. (2014) in the northern Gulf
of Mexico. For Gustav, the maximum surge height does not occur at the location of landfall
near Cocodrie, LA but between the Mississippi River levees and coastal Mississippi (Figure
2.6c and d). For Rita, the maximum surge elevation occurs in southwest Louisiana near
the landfall location; however, surge also builds between the Mississippi River levees and
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coastal Mississippi. For all three storms, the Mississippi River levees protect communities
such as Houma and the Bayou Lafourche communities located on the west side of these
levees and elevate surge in communities located on east side.
Minor local topo-bathymetric features are also important for reducing low storm surges.
Relatively high mean absolute maximum water level differences occur in southwest Louisiana
during Gustav on the west side of the storm track (Figure 2.7f). Two profiles of topobathymetric and maximum water surface elevations (WSEs) are depicted in Figure 2.9 for
the simple and detailed models for Gustav, one in southwest Louisiana on the west side
of the storm track (A – A’) and the other on the east (B – B’). There are substantial
differences in the simple and detailed model maximum WSEs for profile A – A’. This is
due to the raised Chenier ridge located near the Gulf of Mexico between 50 and 54 km
which prevents the low surge from propagating inland for the detailed model. However,
this ridge is lowered in the simple model due to the assigning of the same elevation to all
nodes in the Intermediate polygon. Therefore, land elevation is not as high between 50 and
54 km in the simple model allowing the low surge to propagate further inland resulting in
large discrepancies between models for low surge. However, for high storm surge along the
same transect (Figure 2.8b) there is little discrepancy between the WSE for the simple and
detailed models revealing small elevation differences in local topographic features become
less important as surge height increases.
The Mississippi River Delta and the Chenier Plain are low-lying river dominated coastal
areas created during the Holocene geologic period. The methodology to simplify the coastal
landscape via L:W isopleths is applied with the goal of finding the isopleth permutation
that best reproduces the surge output of the detailed model. This isopleth permutation
can then be applied to historical eras to create comparable storm surge models and thus
examine the change in coastal storm surge through time. While the 99%-90%-40%-1%
isopleth permutation is determined the permutation that yields a simple model closest to
that of the detailed model in coastal Louisiana, this same methodology can be applied
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to other similar coastal landscapes to find which permutation best corresponds with that
location and to then examine the historical change in coastal hazards in that area. This
methodology is most suitable for low-lying areas with substantial wetland fragmentation.
2.7

Conclusions
Results of this analysis show a simple storm surge model of the Louisiana coastal land-

scape can be developed to well-represent the surge characteristics of a detailed model of
the Louisiana coast through the application of land to water (L:W) isopleths. HUC12
sub-watersheds are shown to be a useful instrument for result comparisons and surge assessments. A methodology is established to derive the L:W isopleths for the year 2010 and
effectively apply the L:W isopleths to a detailed model of the Louisiana coast. The purpose
of establishing this methodology is to develop a simple model that closely reproduces the
detailed model surge output.
It is discovered that the isopleth permutation of 99% - 90% - 40% - 1% creates a simple
model that yields surge results most similar to those of the detailed model. For Rita,
Gustav and Katrina, the mean absolute difference in maximum water surface elevations
between the two models is 0.042 m, 0.044 m and 0.034 m, respectively. For all three storms
collectively, this is the smallest maximum water level difference compared to the detailed
model. The 95 percentile of the mean percent error in volume inundated of all HUC12
sub-watersheds also reveals the 99% - 90% - 40% - 1% simple model to collectively be the
closest to the detailed model with errors of 3.4%, 11.4%, and 10.2% for Rita, Gustav and
Katrina, respectively.
Results of this analysis support the view of Resio and Westerink (2008) and Wamsley
et al. (2010) who claim numerical models that accurately simulate hydrodynamic processes, especially storm surge, should be employed to analyze storm surge attenuation in
place of simple rules of thumb regarding surge attenuation. Rita simulation results reveal
a nonlinear surge attenuation of approximately 1 m per 13.75 km of wetlands in southwest
Louisiana and surge builds to 1.8 m approximately 47 km inland before reducing to 1 m
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approximately 60 km inland in southeast Louisiana. Gustav surge results also reveal varying surge attenuation rates in southwest and southeast Louisiana. Therefore, a constant
attenuation rate per width of wetlands should not be utilized in the analysis of surge reduction. Numerical models with the ability to accurately simulate hydrodynamic processes
should instead be employed.
Local topo-bathymetric features such as levees, coastlines and submerged shallow ancient deltaic lobes significantly influence surge heights and attenuation rates. The highest
storm surge on record (9 m) was observed in Bay St. Louis, Mississippi during Hurricane Katrina in 2005. This surge height is successfully simulated in this analysis. Chen
et al. (2008) also reproduced this surge height and showed that if the continental shelf
had a greater depth and slope, the surge in this area would have only been 5 m. Chen
et al. (2008) conclude the existence of the former deltaic lobe played a significant role in
the record surge height and this is also confirmed through simulations performed in this
analysis for Katrina, Gustav and Rita.
Results of previous work by Loder et al. (2009) are also confirmed through this analysis.
Higher elevation and continuous (i.e. solid, unfragmented) wetlands along the coast results
in relatively higher surge along the coast and relatively lower inland surge. The converse
is also confirmed. Lower elevation and fragmented wetlands leads to lower surge heights
along the coast and higher inland surge. Therefore, as more fragmented wetlands convert
to open water thereby creating submerged shallow deltaic lobes, areas along the Louisiana
coast that once attenuated surge will likely amplify it in the future. This will increase flood
risk to currently upland communities across coastal Louisiana.
Finally, the methodology established can be applied in surge model development for
various historical eras for the purpose of quantifying changes in Louisiana coastal storm
surge through time. L:W isopleths represent a “snapshot” in time of the position of land
and water along the Louisiana coast and are derived irrespective of the geologic, sea level,
wetlands or human migration processes ongoing at the historical time in which they are
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derived. Therefore, the L:W isopleths serve as an important connector of historical eras to
effectively study change in coastal storm surge through time. Next, historical storm surge
models will be developed for this analysis of temporal change in coastal inundation, and
therefore coastal flood risk.
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Chapter 3
Assessment of the Temporal Evolution of Storm Surge across
Coastal Louisiana
3.1

Introduction
River engineering designs in the Mississippi River Delta have disrupted riverine sedi-

ment deposition, which normally compensates for relative sea level rise (sum of subsidence
and global mean sea level (GMSL) rise) (Bentley et al., 2016; Boesch et al., 1994; Edmonds,
2012a; Louisiana Coastal Wetlands Conservation and Restoration Task Force, 1993; Paola
et al., 2011; Twilley et al., 2016, 2008). This disruption is negatively impacting stability
of the delta landscape and threatening nationally important industries (Day et al., 2007;
Syvitski et al., 2009; Vorosmarty et al., 2009). Industries at risk include a fishery that
produces the largest seafood harvest in the contiguous United States, a petroleum industry
that produces the most crude oil and the second most natural gas in the United States, and
a shipping industry that has made Louisiana the top export state in the nation (Barnes
et al., 2017; Coastal Protection and Restoration Authority, 2017; Greater New Orleans,
Inc., 2015; Louisiana Seafood Industry, 2017). More than 4,877 km2 of coastal Louisiana
wetlands along with most of the barrier islands have become submerged and converted to
water from 1932 to 2010 due to, among other factors, changes in riverine sediment deposition rates and the highest measured rate of relative sea-level rise in the contiguous United
States with 9.2 mm/year measured by a NOAA tide gauge in Grand Isle, LA 1947-2006
(Figure 3.1a) (Batker et al., 2010; Bird, 2010; Couvillion et al., 2011; National Oceanic and
Atmospheric Administration, 2018; Nienhuis et al., 2017). In addition, coastal Louisiana
is susceptible to a high frequency of hurricane landfalls (Chen et al., 2008; Needham and
Keim, 2012, 2014). If the current rate of wetland loss continues or accelerates with the
predicted increase in the rate of GMSL rise (Jevrejeva et al., 2016; Parris et al., 2012;
Stocker et al., 2013; Sweet et al., 2017), the fishing, petroleum and shipping industries will
be adversely impacted, and flood risks in coastal communities will further increase. The
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aim of this analysis is to quantify the change in storm surge characteristics, such as surge
height and inundation time, across coastal Louisiana from 1930 to 2010 and to estimate if
flood risks change in coastal basins with different rates of riverine sediment inputs.
Because the impact of historical river management decisions has occurred on the coastal
basin scale (Figure 3.1c), hydrologic unit code 6 (HUC6) coastal basins are utilized to
quantify the historical change in storm surge heights and inundation time from 1930 to 2010.
Hydrologic unit codes define the entire or a partial area of a surface drainage basin with
lower HUC numbers describing larger basins and higher HUC numbers describing smaller
sub-watersheds. Higher HUC numbered sub-watersheds fit within the lower HUC numbered
larger basins (U.S. Geological Survey, 2017a). HUC6 coastal basins (e.g. AtchafalayaVermilion versus Terrebonne and Barataria) are specifically treated as experimental units to
quantify the rate of Gulf of Mexico (GOM) migration inland where riverine sediment input
remains (sediment-abundant) and where riverine sediment input is substantially reduced
(sediment-starved). HUC12 sub-watersheds, smaller watersheds that fit within the HUC6
coastal basins, are also utilized to provide a range of surge height and inundation time values
within each HUC6 coastal basin. Hereafter, HUC6 coastal basins are referred to only as
“coastal basins” while HUC12 sub-watersheds are referred to only as “sub-watersheds”.
Mississippi River flood control projects implemented over the past century allow the
ability to contrast the evolution of storm surge in sediment-starved coastal basins versus
an adjacent sediment-abundant coastal basin (Boesch et al., 1994; Twilley et al., 2016,
2008). For example, the Lafourche Delta formed approximately 1000 to 300 years ago via
Mississippi River sediment discharged into Bayou Lafourche until Bayou Lafourche was
dammed at Donaldsonville in 1906 (Morgan, 1979) (Figure 3.1a,c). During a 1851 flood,
Mississippi River discharge into Bayou Lafourche reached 340 m3 /s allowing both water
and sediment to overflow the banks of Bayou Lafourche and nourish adjacent wetlands
in the Terrebonne and Barataria coastal basins (Ellet, 1853). Modern Bayou Lafourche
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Figure 3.1. 2015 and 2016 satellite images: a) major waterways and cities of southeast
Louisiana, b) major waterways and cities of southwest Louisiana, c) Hydrologic unit code 6
(HUC6) coastal basins (purple), location of 40% L:W isopleths for 1932 (green), 1973 (yellow) and 2010 (orange), and data collection locations along the Mississippi and Atchafalaya
Rivers. Gray line indicates location of the Intracoastal waterway (ICWW) which is the
northern boundary of the study area.
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discharge is approximately 28 m3 /s, which substantially limits nourishment of adjacent
wetlands (Coastal Environments Inc., 1997).
In contrast, annual Mississippi River discharge (excluding Red River) diverted to the
Atchafalaya increased from approximately 2.5% in 1880 to 13% in 1930 to nearly 30% in
1952 (Fisk, 1952). Suspended sediment load in the lower Mississippi River upstream of Old
River pre-1963 was greater than 400 megatons (million metric tons) (Blum and Roberts,
2009; Keown et al., 1986). Red River suspended sediment load pre-1963 is estimated 35.1
MT/year and is assumed to flow directly to the Atchafalaya River. Therefore, estimated
1930 suspended sediment load at Simmesport (8 km downstream of Old River on the
Atchafalaya) is 87.1 MT/year (Figure 3.1c). The U.S. Army Corps of Engineers completed
the Old River Control Structure in 1963 which controlled Mississippi and Red River discharge to the Atchafalaya at 30% resulting in the formation of Wax Lake and Atchafalaya
Deltas (Edmonds, 2012b; Reuss, 2004; Wellner et al., 2005; Wells et al., 1984). Dams
and other river improvements were also implemented along Mississippi River tributaries
post-1963 which caused a gradual decline in Mississippi suspended sediment loads (Bentley
et al., 2016). Keown et al. (1986) established the suspended sediment load 1970-1978 at
Simmesport 93.9 MT/year. Blum and Roberts (2009) measured suspended sediment loads
at Simmesport of 86 MT/year (1977) and 49 MT/year (2006) while Mize et al. (2018)
measured suspended sediment loads at Melville (48 km south of Old River) of 39 MT/year
(2005) and 33 MT/year (2015). The 2015 recording at Melville continues to be substantially greater than the negligible Mississippi River suspended sediment load entering Bayou
Lafourche.
In the present analysis, a series of hydrodynamic storm surge model meshes are developed and feature comparable representations of historical Louisiana coastal landscapes
to examine the effects of negligible riverine sediment deposition in the Terrebonne and
Barataria coastal basins and substantial sediment deposition in the Atchafalaya-Vermilion
coastal basin (Figure 3.1a,c). Constructing storm surge model meshes featuring historical
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coastal landscapes circa 1930-2010 with comparable topo-bathymetric detail is not possible
as contemporary data collection methods, such as lidar, has been used extensively for topographic mapping since only the early 2000s. Therefore, the method developed by Siverd
et al. (2018) is employed to simplify the modern (2010) Louisiana coastal landscape, as
well as to construct comparable, historical landscapes. This method entails application of
land to water (L:W) isopleths which are defined as lines on a map connecting points of
constant value of the land to water ratio (Gagliano et al., 1970; Siverd et al., 2018; Twilley et al., 2016). A simplified coastal landscape featuring a L:W isopleth permutation of
99%-90%-40%-1% with coastal zones labeled high (99%-90%), intermediate (90%-40%) and
submersed (40%-1%) was found to most closely reproduce the detailed coastal Louisiana
landscape (Siverd et al., 2018).
The goal of the present analysis is to develop storm surge model meshes featuring historical landscapes (i.e. 1930, 1970 and 2010) via the same method established by Siverd
et al. (2018) and to quantify changes in storm surge characteristics over this 80-year period
of change in riverine sediment deposition. A secondary goal is to conduct sensitivity analyses to find the largest contributor to increased inland surge heights (L:W isopleth migration,
addition of deep navigation waterways or GMSL rise). Results include the quantification
of changes in storm surge characteristics (e.g. maximum of maximums water surface elevations and inundation time) within coastal basins and smaller sub-watersheds. These two
surge characteristics are then associated with change in historical riverine sediment input
rates and subsequent wetland loss/gain across coastal basins.
3.2

Study area
The study area is bound by Sabine Lake (west), Pearl River (east), Intracoastal Water-

way (ICWW) (north) and the Gulf of Mexico (GOM) (south) (Figure 3.1a,b). This region
consists of low-lying fragmented wetlands, interior lakes and bays, and man-made navigation waterways with various depths (Figure 3.1; Table 3.1). Two central features of the
study area include the Mississippi River Delta Plain (southeast) and Chenier Plain (south-
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west) separated by the Wax Lake-Atchafalaya Deltas. Within these two province scale
landscape features are the sediment-abundant Atchafalaya-Vermilion coastal basin (Chenier Plain) and the sediment-starved Terrebonne and Barataria coastal basins (Mississippi
River Delta Plain) (Figure 3.1c). Relatively solid, unfragmented, wetlands comprise the
Atchafalaya-Vermilion coastal basin while highly fragmented wetlands exist in the Terrebonne and Barataria coastal basins.
Table 3.1. Average depths of major water bodies depicted in Figure 3.1a,b.
Water Bodies (East to West)
Average Depth of Interior Lakes
Mermentau River
Atchafalaya River
Mississippi River
Pearl River
Calcasieu Lake Shipping Channel
Mermentau River Outlet
Freshwater Bayou Canal
Vermilion River Cutoff
Wax Lake Outlet
Houma Navigation Canal
Barataria Waterway
Mississippi River Gulf Outlet
Intracoastal Waterway (New Orleans - MS)
3.2.1

Depth (NAVD88, m)
1.64
3.09
8.42
22.21
2.28
10.22
3.36
3.02
2.94
9.55
3.90
3.74
7.73
5.03

Louisiana coastal landscape alterations 1930-2010

To accommodate both onshore and offshore oil and natural gas exploitation, since
1901 approximately 16,000 km of canals were excavated throughout the Louisiana coastal
landscape with a majority constructed since 1930 (Hayes and Kennedy, 1903; Turner and
McClenachan, 2018). In addition, from 1930 through 2010, numerous navigation waterways were excavated to accommodate the shipping industry. The Intracoastal Waterway
was excavated starting in 1925 and largely completed by the end of the 1930s to allow
for protected passage of goods transport across coastal Louisiana (Harrison, 2015; U.S.
Geological Survey, 2017b). From 1930 to 1970 the following navigation waterways were
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excavated in a general north to south direction: Calcasieu Lake Shipping Channel south
of Lake Charles; Mermentau River Outlet, which lead to the silting and closure of the
mouth of this river; Freshwater Bayou Canal; Vermilion River Cutoff; Wax Lake Outlet;
Houma Navigation Canal; Barataria Waterway connecting Bayou Barataria to Barataria
Bay; Mississippi River Gulf Outlet; Intracoastal Waterway (ICWW) from New Orleans to
the Mississippi/Louisiana border (Fischbach et al., 2017; U.S. Geological Survey, 2017b)
(Figure 3.1a,b; Table 3.1). From 1970 to 2010, no new major navigation waterways were
excavated but existing waterways were widened and deepened. For example, in 1985 the
U.S. Army Corps of Engineers deepened the Mississippi River shipping channel from a
minimum 12.1 m (40 ft) to 13.6 m (45 ft) with plans for further deepening to 16.7 m (55
ft) from the mouth of the river at southwest pass to Baton Rouge, LA. As of November
2016, the depth of the channel is maintained at a minimum 13.6 m with plans to deepen it
to a minimum 15.2 m (50 ft) to reduce the need to lighten ocean going vessels before these
vessels enter the channel (U.S. Army Corps of Engineers, 2016c).
In addition to the numerous oilfield canals and navigation waterways, the Mississippi
River Delta has been altered by the construction of levees and deterioration of barrier
islands since the 1930s. During this 80-year period, levees southwest of the Mississippi
River have been constructed to protect cities such as Houma. Mississippi River levees have
been further raised to protect Baton Rouge and New Orleans (Bentley et al., 2016; Coastal
Protection and Restoration Authority, 2017; Galloway et al., 2009). From 1930 to 2010,
substantial barrier island movement and disappearance also occurred. This is evident with,
for example, the reduction in area and migration of Isles Dernieres north (Figure 3.2a) as
well as the reduction in and migration of Timbalier Island northwest (Figure 3.2b). Isles
Dernieres decreased in area from approximately 5.63 km2 (1930) to 3.77 km2 (1970) to 3.45
km2 (2015). Timbalier Island decreased in area from approximately 10.90 km2 (1930) to
10.11 km2 (1970) to 4.88 km2 (2015) (U.S. Geological Survey, 2017b).
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Figure 3.2. Barrier island migration 1930-1970-2015 with 2015 satellite image: a) Isles
Dernieres, b) Timbalier Island (See Figure 3.1b).
3.3

Methods

3.3.1

Historic hydrodynamic model development

An approach to historical hydrodynamic model mesh development was established to
quantify changes in coastal storm surge due to changes in riverine inputs and the Louisiana
coastal landscape. An experimental mesh serves as a basis for modification to construct
storm surge model meshes for 1930, 1970 and 2010 (Figures 3.3 and 3.4), yields meshes
with the same topology (mesh configuration) (Figure 3.5) and thus facilitates comparison
of simulation results. The storm surge model mesh chosen for this analysis is the validated
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Louisiana Coastal Protection and Restoration Authority (CPRA) 2017 Coastal Master Plan
storm surge model mesh (Bunya et al., 2010; Cobell et al., 2013; Dietrich et al., 2011a,b;
Fischbach et al., 2017, 2012; Roberts and Cobell, 2017; Westerink et al., 2008). It features
approximately 1.4 million nodes and 2.7 million elements. It describes the western north
Atlantic Ocean west of the 60◦ W meridian, Caribbean Sea, and Gulf of Mexico (GOM).
The CPRA2017 mesh focuses on the northern GOM with 93% of nodes between Mobile
Bay, Alabama and the Bolivar Peninsula, Texas and includes the most recent elevation data
of south Louisiana (Cobell et al., 2013; Fischbach et al., 2017, 2012). Wind, pressure and
wave forcings are included in this surge analysis. Because a micro-tidal regime exists along
the Louisiana coast and Mississippi River discharge during hurricanes is deemed to not
substantially impact surge results, tides and riverine discharges are not included (National
Oceanic and Atmospheric Administration, 2018).
The CPRA2017 mesh also includes man-made features such as levees, storm surge
barriers and highways. To effectively compare the change in storm surge characteristics
due to land loss across the years 1930, 1970 and 2010 these man-made features are removed
from the CPRA2017 mesh south and west of the Mississippi River (Siverd et al., 2018). In
addition, to accurately describe barrier islands in southeast Louisiana for 1930, 1970 and
2010, mesh resolution is enhanced seaward of the current (2017) barrier islands to account
for the inland migration of these islands. Therefore, this modified CPRA2017 model is
henceforth called the “detailed” storm surge model.
Historical analysis of storm surge along the Louisiana coast is facilitated through application of a tightly-coupled ADvanced CIRCulation two-dimensional depth integrated
(ADCIRC-2DDI) code (Luettich et al., 1992) and the third-generation wave model, Simulating WAves Nearshore (SWAN) (Booij et al., 1999; Dietrich et al., 2011c; Zijlema, 2010).
Water surface elevations, depth-averaged current velocities and wave statistics are output
for each of the storm surge model mesh years 1930, 1970, 2010. The following sub-sections
describe how these three comparable historical meshes of the Louisiana coast are devel-
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Figure 3.3. Topo-bathymetric coastal Louisiana landscapes (m, NAVD88) for a) 1930, b)
1970, and c) 2010.
oped. Coastal zones are determined by the position of the 90%, 40%, 1% isopleths along
the Louisiana coast in the generally north to south configuration: high (Intracoastal Waterway (ICWW) - 90%), intermediate (90% - 40%) and submersed (40% - 1%) (Siverd
et al., 2018) (Figure 3.3, Figure 3.4, Figure 3.5). One value for elevation, with respect to
North American Vertical Datum of 1988 (NAVD88), is assigned to all mesh nodes within
each coastal zone: high (0.47 m), intermediate (0.27 m), and submersed (-0.98 m). One
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Figure 3.4. Manning’s n bottom roughness values for: a) 1930, b) 1970, c) 2010.
value for Manning’s n bottom roughness is also assigned to all mesh nodes within each
coastal zone labeled high (0.070), intermediate (0.045), and submersed (0.025). The Intergovernmental Panel on Climate Change (IPCC) estimates annual sea level rise 1901-2010
was 1.7 mm/year. Since 1930, the first mesh year of this analysis, global mean sea levels
(GMSLs) have risen approximately 0.16 m for an annual rate of 2.0 mm/year 1930-2010
(Church et al., 2013). Therefore, the constant GMSL rise rate of 2.0 mm/year is applied
when setting Gulf of Mexico (GOM) initial water levels for each storm surge model. To
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Figure 3.5. Insets from Figures 3.3 (a,b,c) and 3.4 (d,e,f) depict the same mesh topology
for each mesh year: 1930 (a,d), 1970 (b,e), 2010 (c,f). Coastal zones are also depicted:
ICWW > High > 90% > Intermediate > 40% > Submersed > 1%.
include the seasonal variation, the GOM initial water level is initially set to 0.23 m above
NAVD88 for 2010 (U.S. Army Corps of Engineers, 2008). Therefore, the GOM initial sea
surface is 0.15 m and 0.07 m above NAVD88 for 1970 and 1930, respectively (Table 3.2).
•

1930 storm surge model mesh
L:W isopleths derived for mesh year 1930 (Figure 3.1c) are applied to the detailed

storm surge model mesh (Figure 3.3a, Figure 3.4a). Coastal zones high, intermediate and
submersed are determined by the position of the 1932 90%, 40%, 1% isopleths as discussed
in the previous section. National Oceanic and Atmospheric Administration (NOAA) TSheets and U.S. Geological Survey (USGS) quad sheets are used to define shoreline positions
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Table 3.2. Overview of storm surge models utilized in this analysis.
Historic storm surge models
# Storm surge model GOM initial water
Navigation
mesh year
level (m, NAVD88) waterways year
1
1930
0.07
1930
2
1970
0.15
1970/2010
3
2010
0.23
1970/2010
Sensitivity analysis storm surge models
4
1930
0.23
1930
5
1970
0.23
1970/2010
6
1930
0.23
1970/2010
in the storm surge model mesh for historical river mouths, barrier islands and interior
ridges (Table 3.3). Neither USGS quad sheet data nor NOAA T-Sheet data for this era
are available for the Chandeleur Islands; therefore, 1922 survey data from a 1924 U.S.
Coast and Geodetic Survey (USCGS) map is utilized to depict the Chandeleur Islands
in the 1930 storm surge model mesh. An average elevation of 0.27 m with respect to
North American Vertical Datum of 1988 (NAVD88) and Manning’s n of 0.045 (same as
the intermediate coastal zone) are assigned for all barrier islands except for the ridge of
Grand Isle, which is assigned an average elevation of 1.0 m NAVD88 and Manning’s n of
0.100. Ridges near Houma are assigned elevations of 1.0 m NAVD88 and a Manning’s n of
0.100 as this was the average elevation and Manning’s n values of those areas. Ridges with
elevations greater than 1.0 m are inserted as they exist in the detailed storm surge model
mesh. Navigation waterways, as they existed in 1930, are also inserted in the model mesh
while waterways that did not exist in 1930 are not included. The Intracoastal Waterway
(ICWW) is unaltered for all three mesh years due to its construction starting in 1925 and
being largely completed by the end of the 1930s. However, the ICWW from New Orleans
to Mississippi was not excavated by the end of the 1930s and is therefore not included
in the 1930 storm surge model mesh. The Mermentau River mouth is inserted according
to 1935 USGS quad sheets and NOAA T-Sheet data. The Wax Lake and Atchafalaya
Deltas are removed from the mesh by changing the elevation values in this area to 2.00 m
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below NAVD88 and the Manning’s n values to 0.022. The Mississippi River Gulf Outlet is
also removed and elevations and Manning’s n values are assigned based on the 1932 L:W
isopleths.
•

1970 storm surge model mesh
Coastal zones high, intermediate and submersed are established in the construction of

the 1970 storm surge model mesh via L:W isopleths derived for 1970 (Figure 3.1c, Figure
3.3b, Figure 3.4b). Data sources to insert 1970 ridges, historical river mouths, and barrier
islands are summarized in Table 3.3. Barrier island and ridge elevation and Manning’s n
values are assigned similarly as for the 1930 storm surge model mesh. Because the major
navigation waterways in existence by 2010 were excavated before 1970, these waterways
are represented by the same width and depth for both 1970 and 2010. The Mermentau
River mouth is input according to USGS quad sheets constructed from aerial photographs
taken in 1975 and 1977. The Wax Lake and Atchafalaya Deltas are also removed during
the development of the 1970 model by changing the elevation values in this area to -2.00
m (NAVD88) and the Manning’s n values to 0.022.
•

2010 storm surge model mesh
L:W isopleths derived for the year 2010 (Figure 3.1c) are applied to the detailed storm

surge model mesh and coastal zones high, intermediate and submersed are created similarly
as for 1930 and 1970 (Figure 3.3c, Figure 3.4c). Because this model already has detailed
present day barrier island data for the 2017 CPRA Coastal Master Plan, barrier islands are
unchanged for 2010. Ridges near Houma are assigned elevations of 1.0 m (NAVD88) and a
Manning’s n value of 0.100 for 2010 similarly as for 1930 and 1970. Ridges with elevations
greater than 1.0 m are maintained as they exist in the detailed model.
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Table 3.3. Data sources to construct each storm surge model mesh utilized in this analysis.
Topobathy
Feature
interior
marsh

barrier island
shoreline (not
Chandeleur

Chandeleur
Islands

Storm surge model number and mesh
1 (1930)
2 (1970)
3 (2010)
4 (1930)
coastal zones
coastal zones
coastal zones coastal zones
via ICWW
via ICWW
via ICWW
via ICWW
and 90%,
and 90%,
and 90%,
and 90%,
40%, 1% L:W 40%, 1% L:W 40%, 1% L:W 40%, 1% L:W
isopleths
isopleths
isopleths
isopleths
NOAA T1953 and 1956
NOAA TSheets; 1935,
USGS 1:24k
CPRA2017
Sheets; 1935,
1937 USGS
and 1:62.5k
mesh
1937 USGS
1:24k and
quads revised
1:24k and
1:62.5k quads
w/ 1971, 1973,
1:62.5k quads
1978 photos
1924 USCGS
USGS quads
CPRA2017
1924 USCGS
map with 1922 derived via
mesh
map with 1922
survey data
1950
survey data
photography

(table cont’d)

52

year
5 (1970)
coastal zones
via ICWW
and 90%,
40%, 1% L:W
isopleths
1953 and 1956
USGS 1:24k
and 1:62.5k
quads revised
w/ 1971, 1973,
1978 photos
USGS quads
derived via
1950
photography

6 (1930)
coastal zones
via ICWW
and 90%,
40%, 1% L:W
isopleths
NOAA TSheets; 1935,
1937 USGS
1:24k
1:62.5k quads
1924 USCGS
map with 1922
survey data

Topobathy
Feature

historical
river
mouths

historical
interior
ridges

major
waterways

1 (1930)
coastal zones
NOAA TSheets; 1935,
1937 USGS
1:24k and
1:62.5k quads
1935, 1937
USGS 1:24k
and 1:62.5k
quads

NOAA TSheets; 1935,
1937 USGS
1:24k and
1:62.5k quads

Storm surge model number and mesh year
2 (1970)
3 (2010)
4 (1930)
5 (1970)
coastal zones
coastal zones coastal zones coastal zones
1953 and 1956
NOAA T1953 and 1956
USGS 1:24k
CPRA2017
Sheets; 1935, USGS 1:24k
and 1:62.5k
mesh
1937 USGS
and 1:62.5k
quads revised
1:24k and
quads revised
w/ 1971, 1973,
1:62.5k quads w/ 1971, 1973,
1978 photos
1978 photos
1953 and 1956
1935, 1937
1953 and 1956
USGS 1:24k
CPRA2017
USGS 1:24k
USGS 1:24k
and 1:62.5k
mesh
and 1:62.5k
and 1:62.5k
quads revised
quads
quads revised
w/ 1971, 1973,
w/ 1971, 1973,
1978 photos
1978 photos
NOAA TCPRA2017
CPRA2017
Sheets; 1935, CPRA2017
mesh
mesh
1937 USGS
mesh
1:24k and
1:62.5k quads
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6 (1930)
coastal zones
NOAA TSheets; 1935,
1937 USGS
1:24k
1:62.5k quads
1935, 1937
USGS 1:24k
and 1:62.5k
quads

NOAA TSheets; 1935,
1937 USGS
1:24k
1:62.5k quads

•

Sensitivity analysis storm surge model meshes
Three sensitivity analysis experiments are conducted to examine the impact on inland

storm surge heights from 1. global mean sea level (GMSL) rise, 2. excavation of navigation
waterways and 3. change in riverine sediment inputs via inland migration of the L:W
isopleths and reduction in barrier island area 1930 to 2010. The three additional storm surge
models developed for these experiments are described in Table 3.2. The first experiment
isolates the change in maximum of maximums (MOM) water surface elevations due to
landscape change and not due to GMSL rise from 1930 to 2010 by simulating the 1930
storm surge model with the 2010 Gulf of Mexico (GOM) initial water level of 0.23 m
(model 4, Table 3.2). Model 4 MOM water surface elevations results are subtracted from
those of storm surge model mesh year 2010 (model 3, Table 3.2). MOM water surface
elevations difference values are then averaged per sub-watershed.
The goal of the second experiment is to quantify the contribution of the excavation
of navigation waterways on inland storm surge heights. Major waterways, specifically the
ICWW from New Orleans to Mississippi, Calcasieu Lake Shipping Channel, Mermentau
River Outlet, Freshwater Bayou Canal, Vermilion River Cutoff, Wax Lake Outlet, Houma
Navigation Canal, Barataria Waterway, and Mississippi River Gulf Outlet (Figure 3.1a,b),
are inserted in the 1930 storm surge model mesh as they exist in 1970/2010. This model
is henceforth called model 6 (Table 3.2). Model 6 is also initialized with 2010 GOM water
levels. Model 4 MOM water surface elevations results are subtracted from those of model
6 to isolate the impact of the presence of navigation waterways on inland storm surge
heights. The MOM water surface elevations difference is averaged across all inundated
sub-watersheds.
The third sensitivity analysis experiment isolates the impact of change in riverine sediment input via the inland migration of L:W isopleths and barrier island land loss 1930 to
2010. To accomplish this task, the 1930 storm surge model year with 1970/2010 navigation
waterways and initialized with 2010 GOM water levels (model 6, Table 3.2) is compared
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with the 2010 storm surge model year (model 3, Table 3.2). Model 6 MOM water surface
elevations results are subtracted from those of model 3 and averaged across both coastal
basins and sub-watersheds.
3.3.2

Subsidence

Subsidence from 1930 to 2010 across coastal Louisiana is also addressed via circa 1930,
1970, 2010 storm surge model mesh development. Applying the same elevation values to
each respective coastal zone allows for the accounting of historical coastal subsidence via
the location of the 1932 and 1973 L:W isopleths, which are closer to the Gulf of Mexico
(GOM) than the 2010 L:W isopleths (Figure 3.1c). Average elevations for each of the three
coastal zones were previously determined for 2010 (Siverd et al., 2018) and are supported
via marsh elevation measurements measured by (Day et al., 2011).
3.3.3

Storm surge model simulations

The objective of this analysis is to demonstrate how temporal changes in the Louisiana
coastal landscape impact storm surge. All storm surge models are therefore forced with
the same meteorological wind and pressure fields developed for 14 historical hurricanes
(Cox et al., 1995; National Oceanic and Atmospheric Administration, 2017; Powell et al.,
1998). Hurricane selection criteria includes storm tracks in the Gulf of Mexico (GOM),
attainment of a Category 1 status while in the GOM and landfall between Galveston and
Apalachicola Bay (Figure 3.6). While forcings from 14 historical hurricanes are selected
for this analysis, a suite of synthetic hurricane forcings could also be utilized to achieve
the objective of this analysis. Model output includes (per mesh node): maximum water
surface elevations, inundation time, current velocity, and wave statistics (Dietrich et al.,
2011c). To find the maximum water surface elevation of each node for all hurricanes, the
maximum of maximums (MOM) water surface elevations is compiled from the simulation
output of all hurricanes. Inundation time output per node is the total time each node is
wetted during the simulation regardless if each node is wetted continually or if each wetted
node becomes dry and is later wetted again.
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Figure 3.6. Tracks of hurricane storm surges utilized in this analysis.
3.3.4

Application of coastal basins and sub-watersheds

The 2014 U.S. Geological Survey (USGS) hydrologic unit code 6 (HUC6) coastal basins
and hydrologic unit code 12 (HUC12) sub-watersheds provide geographical boundaries to
quantify storm surge model simulation output (U.S. Geological Survey, 2017a) similarly
as for Siverd et al. (2018) (Figure 3.1c). For each mesh year the highest water surface
elevations simulation output from all 14 storm surges is compiled into one file named
“maximum of maximums (MOM) water surface elevations” which is then converted to a 10
m x 10 m raster via ArcGIS version 10.3.1. The 1930 MOM water surface elevations raster
is subtracted from the 1970 and 2010 MOM water surface elevations rasters. Each difference
raster is averaged across each inundated coastal basin (Table 3.4) and each smaller subwatershed (Table 3.5). Similarly, the highest maximum significant wave heights of all 14
storm surges is compiled into one file named “MOM significant wave heights” and converted
to a 10 m x 10 m raster. The 1930 MOM significant wave heights raster is then subtracted
from the 1970 and 2010 MOM significant wave heights rasters.
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For inundation time, simulation output from only one storm is examined due to the time
dependency of this surge characteristic. Storm surges occur in different time intervals due
to varying hurricane characteristics such as strength, forward speed, and landfall location
rendering inundation times from multiple hurricanes incomparable. Hurricane Rita output
is selected because this storm made landfall on the Texas-Louisiana border. Therefore,
its surge inundates the entire Louisiana coast and provides a basis for historical comparison. Similarly with MOM water surface elevations, Rita inundation time differences are
averaged across each coastal basin (Table 3.4) and across each sub-watershed (Table 3.5),
which provide a range of values within each coastal basin. The computed coastal basin
MOM water surface elevations and Rita inundation time difference values provide a means
to connect inland L:W isopleth migration and changes in riverine sediment input on a
coastal basin scale. Coastal basins provide a way to contrast 40% L:W isopleth migration
toward the GOM in sediment-abundant Atchafalaya-Vermilion versus inland migration in
sediment-starved Terrebonne and Barataria basins from 1930 to 2010 (Figure 3.1c). The
mean distance of migration of the 40% L:W isopleth is calculated for each basin 1932 to
1973 to 2010 also via ArcGIS version 10.3.1.
3.4

Results

3.4.1
•

Storm surge characteristics: 1930-1970-2010
Mean maximum of maximums (MOM) water surface elevations

Computed maximum of maximums (MOM) water surface elevations demonstrate the
impact of major local topographic features such as levees on storm surge heights. MOM
water surface elevations are approximately 8 m east of the Mississippi River and 4 m
west of the Mississippi River regardless of mesh year (Figure 3.7). Similar simulation
results have been obtained (Bilskie et al., 2014; Chen et al., 2008; Siverd et al., 2018),
and Hurricane Katrina (2005) surge heights greater than 8 m were also recorded by the
National Hurricane Center along the Mississippi coast (Knabb et al., 2005). Mean MOM
water surface elevations differences reveal little change from mesh year 1930 to 1970 within
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the three experimental coastal basins Atchafalaya-Vermilion, Terrebonne and Barataria
(Figure 3.8a, Table 3.4). However, the average MOM difference is greater 1970 to 2010 for
both Terrebonne and Barataria: 0.247 m and 0.282 m, respectively, versus 1930 to 1970
for Terrebonne and Barataria: 0.101 m and 0.133 m, respectively.

Figure 3.7. Maximum of maximums (MOM) water surface elevations (m, NAVD88) computed from all 14 historical hurricanes (Figure 3.6) for: a) 1930, b) 1970, c) 2010. GMSL
rise of 2 mm/year 1930-2010 included.
Sub-watershed statistics provide a range of MOM difference values within the larger
coastal basin and therefore greater refinement of simulation results. Within the Terrebonne and Barataria coastal basins, sub-watersheds also demonstrate relatively smaller
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Figure 3.8. Mean maximums of maximums (MOM) water surface elevations difference
(m, NAVD88) per coastal basins (bold lines) and per sub-watersheds (gray lines) for: a)
1970-1930, b) 2010-1970, c) 2010-1930. GMSL rise of 2 mm/year 1930-2010 included.
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changes occur 1930 to 1970 versus 1970 to 2010 (Table 3.5). For instance, from mesh year
1930 to 1970 for all 55 inundated sub-watersheds within the Terrebonne coastal basin the
mean MOM water surface elevation increase is 0.120 m and the range is 0.492 m. However, from 1970 to 2010 the mean MOM water surface elevation increase for the same 55
sub-watersheds within Terrebonne is 0.272 m and the range is 0.907 m. Both values are
approximately double the change that occurred over the previous 40 years. For sedimentabundant Atchafalaya-Vermillion, the mean change in MOM water surface elevations from
1970 to 2010 is 0.080 m, which is smaller than the previous 40-year difference value of 0.154
m. The range of sub-watershed values within this coastal basin remains nearly the same for
both time intervals. Negative minimum values indicate there is at least one sub-watershed
with an average MOM water surface elevation value that decreases over time. For example,
within the Terrebonne coastal basin there is at least one sub-watershed average difference
value of -0.064 m from 1930 to 2010 meaning the 2010 average MOM water surface elevation
value is less than that of 1930.
•

Inundation time
Inundation time is the total time a dry area is wetted as a result of storm surge

inundation during a hurricane simulation. This storm surge characteristic is quantified in
addition to MOM water surface elevations to further examine change in flood risks 1930 to
2010. Simulation output from only one storm is examined due to the time dependency of
this surge characteristic and incomparability of multiple hurricane storm surge inundation
times. Hurricane Rita inundation time output is examined due to this storm’s historically
high wind and pressure forcing, track across the GOM south of Louisiana, large size and
landfall location on the Louisiana-Texas border (Figure 3.6). Due to the size, track, landfall
location and counter-clockwise rotation, nearly all south Louisiana and most of the study
area is inundated for all three storm surge model mesh years: 1930, 1970 and 2010.
Inundation time range for the Hurricane Rita seven-day simulation, excluding areas
always wetted or never wetted during the seven day simulation, remains the same for
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Figure 3.9. Inundation time 10 m x 10 m raster for Hurricane Rita. Coastal basins (bold
lines) and sub-watersheds (gray lines) included for spatial reference. Areas always wet
(>3.10 days) or never wet (<0.01 days) are excluded for each mesh year: a) 1930, b) 1970,
c) 2010. GMSL rise of 2 mm/year 1930-2010 included. Rita track is blue line.
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Figure 3.10. Hurricane Rita inundation time difference averaged across sub-watersheds
with all inundated areas included; total simulation time 7 days: a) 1970-1930, b) 20101970, c) 2010-1930. Coastal basins are bold lines. Sub-watersheds are gray lines. GMSL
rise of 2 mm/year 1930-2010 included. Rita track is blue line.
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all three mesh years: 0.01-3.10 days (Figure 3.9). The interval begins at 0.01 days to
exclude areas never wetted (0.00 days) and areas always wetted (>3.10 days), which isolates
Rita storm surge impact on the Louisiana coast. Differences in mesh year results include
the inland extent per coastal basin. For example, the areas that are initially dry and
temporarily wetted during Rita for storm surge model year 1930 (Figure 3.9a) are nearly
the same areas temporarily wetted in 2010 in the Atchafalaya-Vermilion coastal basin
(Figure 3.9c). However, inundation time output extends north of the ICWW (Figure 3.1c)
in Terrebonne and Barataria for storm surge model mesh year 2010 (Figure 3.9c) but not
for 1930 (Figure 3.9a). The area temporarily inundated the greatest length of time for all
three mesh years is the Biloxi Marsh (Figure 3.1) within the Lake Pontchartrain coastal
basin.
Difference plots demonstrate how inundation time has evolved across coastal Louisiana
from 1930 to 2010 (Figure 3.10a-c). These plots include both temporarily and permanently wetted areas during the seven-day Rita simulation. Areas become permanently
wetted in mesh year 2010 that are not permanently wetted in mesh years 1930 or 1970
due to the conversion of wetland to water. For example, mean inundation time differences
across the respective Atchafalaya-Vermilion, Terrebonne and Barataria coastal basins are
0.040 days, 0.982 days and 1.077 days, indicating more areas convert to open water in
Terrebonne and Barataria than in Atchafalaya-Vermilion 1970 to 2010 (Table 3.4). Subwatershed Rita inundation time differences per coastal basin are also computed for each
mesh year: 1970 minus 1930, 2010 minus 1970, and 2010 minus 1930 (Figure 3.10a-c; Table
3.5). Sub-watershed differences demonstrate nearly the same values in all three coastal
basins (Atchafalaya-Vermilion, Terrebonne, Barataria) 1930 to 1970 (Figure 3.10a). However, from 1970 to 2010, sub-watershed differences range 1.96 days within the AtchafalayaVermilion coastal basin and 4.91 days and 4.60 days within the Terrebonne and Barataria
coastal basins, respectively (Figure 3.10b; Table 3.5). Negative minimum Rita inundation
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time difference values indicate at least one sub-watershed within a coastal basin with less
inundation time for the later mesh year (i.e. 2010 versus 1930).
Table 3.4. Mean maximum of maximums (MOM) water surface elevations for all 14 hurricanes (m) and mean inundation time for Rita (days). Mean MOM water surface elevations
difference and Rita inundation time difference calculated by computing difference in 10 m
x 10 m rasters and averaging across individual coastal basins. Coastal basins are sorted
by smallest to largest mean MOM difference 2010-1930 (m). GMSL rise of 2 mm/year
1930-2010 included.
Mean MOM Water Surface Elevations (with GMSL rise, m)
Mean MOM WSE
Mean MOM Diff.
Coastal Basin
1970- 2010- 20101930 1970 2010 1930
1970 1930
Lower Mississippi-New Orleans 2.778 2.716 2.849 -0.063 0.132 0.069
Atchafalaya-Vermilion
2.218 2.374 2.466 0.163 0.096 0.260
Lake Pontchartrain
4.373 4.476 4.670 0.109 0.196 0.304
Terrebonne
1.647 1.731 1.952 0.101 0.247 0.340
Barataria
1.448 1.552 1.811 0.133 0.282 0.414
Calcasieu-Mermentau
2.565 2.754 2.936 0.222 0.212 0.428
Lake Maurepas
2.838 3.061 3.346 0.231 0.298 0.528
Pearl
4.736 4.957 5.303 0.238 0.374 0.614
Mean Rita Inundation Time (all nodes, 7 day simulation, days)
Mean MOM WSE
Mean MOM Diff.
Coastal Basin
1970- 2010- 20101930 1970 2010 1930
1970 1930
Lower Mississippi-New Orleans 4.931 6.670 6.083 1.738 -0.586 1.152
Atchafalaya-Vermilion
2.530 2.630 2.668 0.100 0.040 0.140
Lake Pontchartrain
5.100 5.250 5.590 0.150 0.337 0.486
Terrebonne
2.207 2.490 3.472 0.283 0.982 1.266
Barataria
2.005 2.391 3.467 0.385 1.077 1.462
Calcasieu-Mermentau
1.203 1.400 1.612 0.197 0.212 0.409
Lake Maurepas
0.791 0.844 0.941 0.053 0.097 0.150
Pearl
1.118 1.255 1.410 0.137 0.151 0.288
•

Maximum significant wave height
Maximum significant wave height differences are computed for each of the three storm

surge model mesh years (1930, 1970, 2010). The change in maximum significant wave
heights is minimal across coastal Louisiana from 1930 to 1970 except southwest of Lake
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Table 3.5. Sub-watershed statistics per experimental coastal basin. Mean sub-watershed
values calculated for both MOM water surface elevation difference (Figure 3.8) and Rita
inundation time difference (Figure 3.10) 10 m x 10 m rasters. GMSL rise of 2 mm/year
1930-2010 included.
Sub-watershed
MOM Water Surface Elevation
Rita Inundation Time Difference
Statistics per
Difference (with GMSL rise, m)
(with GMSL rise, days)
Coastal Basin 1970-1930 2010-1970 2010-1930 1970-1930 2010-1970 2010-1990
(3.8a)
(3.8b)
(3.8c)
(3.10a)
(3.10b)
(3.10c)
Atchafalaya-Vermilion
Mean
0.154
0.080
0.234
0.111
0.071
0.182
Median
0.143
0.089
0.221
0.057
0.026
0.073
Stand. Dev.
0.103
0.080
0.173
0.133
0.270
0.361
Range
0.352
0.356
0.644
0.664
1.960
2.371
Minimum
0.034
-0.069
0.014
-0.059
-1.002
-0.808
Maximum
0.386
0.286
0.658
0.605
0.958
1.563
Count
55
55
55
54
54
54
Terrebonne
Mean
0.120
0.272
0.393
0.318
1.105
1.423
Median
0.116
0.266
0.324
0.203
0.518
0.814
Stand. Dev.
0.098
0.250
0.322
0.365
1.323
1.443
Range
0.492
0.907
1.148
2.111
4.914
5.313
Minimum
-0.122
-0.090
-0.064
-0.066
0.000
0.000
Maximum
0.370
0.817
1.084
2.045
4.914
5.313
Count
55
55
55
54
54
54
Barataria
Mean
0.139
0.307
0.446
0.470
1.273
1.743
Median
0.115
0.295
0.396
0.310
0.416
0.881
Stand. Dev.
0.090
0.224
0.272
0.604
1.503
1.870
Range
0.484
0.874
1.057
3.521
4.594
5.764
Minimum
0.015
-0.110
-0.031
0.000
-0.002
0.000
Maximum
0.499
0.764
1.026
3.521
4.592
5.764
Count
56
56
56
51
51
51
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Charles (Figure 3.1) were wave height differences exceed 1 m due to the excavation of the
Calcasieu Lake Shipping Channel as well as the conversion of wetland to water in this
area (Figure 3.11a, arrow). When the mean raster value is computed across all inundated
sub-watersheds 1930 to 1970, approximately 56% sub-watersheds fall within the interval
-0.05-0.05 m, 37% within 0.05-0.15 m, 4% within 0.15-0.25 m and 3% within 0.25-0.50 m.
From 1970 to 2010, maximum significant wave height differences range -1.00 m to 0.25 m
within the Atchafalaya-Vermilion coastal basin and -0.50 m to 1.00 m within the Terrebonne
and Barataria basins (Figure 3.11b). The greatest wave height differences occur along the
Chandeleur Islands (Figure 3.1) due to loss of these barrier islands 1970 to 2010 (Figure
3.11b). Maximum significant wave heights are also higher in 2010 versus 1930 in the Biloxi
Marsh and in the Lake Pontchartrain coastal basins by 0.15 m - 0.50 m (Figure 3.11c).
In areas where wetlands prograded from 1970 to 2010 (i.e. Wax Lake-Atchafalaya Deltas)
wave heights decreased, which is indicated by the negative values in Figure 3.11b.
3.4.2
•

Sensitivity analysis
Contribution of global mean sea level (GMSL) rise

The purpose of this experiment is to isolate the change in maximum of maximums
(MOM) water surface elevations due to landscape change (addition of navigation waterways
and change in riverine sediment inputs) from 1930 to 2010 and not due to GMSL rise. To
accomplish this objective, model 4 results are subtracted from those of model 3 (Table 3.2).
The three experimental coastal basins, Atchafalaya-Vermilion, Terrebonne and Barataria
demonstrate the impact of changes in riverine sediment input via varying mean MOM
difference results 1930 to 2010. Sub-watershed MOM water surface elevation difference
values range -0.15 m to 0.45 m within the Atchafalaya-Vermilion coastal basin (Figure
3.12a). Terrebonne and Barataria sub-watershed values range -0.25 m to 0.95 m and -0.25
m to 0.85 m, respectively. Negative values in the Terrebonne and Barataria coastal basins
indicate areas of coastal wetland loss adjacent to the Gulf of Mexico (GOM) 1930 to 2010
and the corresponding lowering of surge heights in 2010. Positive inland values indicate
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Figure 3.11. 10 m x 10 m maximum of maximums significant wave height difference plots:
a) 1970 minus 1930, b) 2010 minus 1970, c) 2010 minus 1930. Coastal basins (bold lines)
and sub-watersheds (gray lines) included for spatial reference. GMSL rise of 2 mm/year
1930-2010 included.
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higher inland surge heights and greater inland surge propagation in 2010 also due to coastal
wetland loss from 1930 to 2010. Negative values in the Atchafalaya-Vermilion coastal basin
demonstrate the response of storm surge to the progradation of the Wax-Lake-Atchafalaya
Deltas between 1970 and 2010.
•

Contribution of navigation waterways
Model 6 (1930 landscape with 1970/2010 navigation waterways) is initialized with 2010

GOM water levels (Table 3.2). Model 4 (1930 landscape with 1930 navigation waterways
and 2010 initial GOM water levels) MOM water surface elevations results are subtracted
from those of model 6 to isolate the impact of the presence of navigation waterways on
inland storm surge heights. The MOM difference is averaged across all inundated subwatersheds (Figure 3.12b). The calculated difference in mean MOM water surface elevations southwest of Lake Charles (Figure 3.1b) in the Calcasieu-Mermentau coastal basin
(Figure 3.12b) is on the order of 0.3-0.5 m while the mean MOM difference within all
other sub-watersheds ranges 0.0-0.2 m. The higher wave heights southwest of Lake Charles
demonstrate the impact of the excavation of the deep Calcasieu Lake Shipping Channel
between 1930 and 1970 as well as conversion of wetland to open water in that area.
•

Contribution of changes in riverine inputs
Model 6 MOM water surface elevations results are subtracted from those of model 3

(Table 3.2). Mean MOM water surface elevation difference values and inundation time results (Figure 3.12c) are calculated across both coastal basins Table 3.6 and the smaller subwatersheds (Table 3.7). The mean MOM difference within sediment-abundant AtchafalayaVermilion is 0.095 m while across sediment-starved Terrebonne and Barataria the mean
MOM difference is 0.207 m and 0.269 m, respectively. Rita seven-day inundation time
difference demonstrates a greater contrast between Atchafalaya-Vermilion with a value of
0.057 days versus Terrebonne and Barataria with values of 1.128 days and 1.268 days,
respectively (Table 3.6). The range in sub-watershed mean MOM water surface elevation difference values for each of the three coastal basins reveals results similar to those
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Figure 3.12. All simulations performed with 2010 GOM initial water levels and results
averaged per sub-watershed (m, NAVD88): a) 2010 minus 1930 mean MOM difference
results (model 3-model 4; Table 3.2), b) 1930 with 1970/2010 waterways minus 1930 with
1930 waterways mean MOM difference results (model 6-model 4; Table 3.2). c) 2010 minus
1930 with 1970/2010 waterways mean MOM difference results (model 3-model 6; Table
3.2). Summary: a) – b) = c). Coastal basins are bold. Sub-watersheds are gray.
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when GMSL rise is included. The range in Terrebonne (1.141 m) and Barataria (1.002 m)
difference values is approximately double that of Atchafalaya-Vermilion (0.559 m) (Table
3.7).
Table 3.6. Sensitivity analysis. All storm surge model meshes include 1970/2010 navigation
waterways. All simulations are performed with 2010 GOM initial water levels. Mean MOM
water surface elevations (m) for all 14 hurricanes and mean inundation time for Rita (days).
Mean MOM water surface elevations difference and inundation time difference calculated
by computing difference in 10 m x 10 m rasters and averaging across individual coastal
basins. Coastal basins depicted in Figure 3.12c are sorted by smallest to largest mean
MOM difference 2010-1930 (m).
Mean MOM Water Surface Elevations (no GMSL rise, m)
Mean MOM WSE
Mean MOM Diff.
Coastal Basin
1970- 2010- 20101930 1970 2010 1930
1970
1930
Lower Mississippi-New Orleans 2.930 2.795 2.849 -0.136 0.054 -0.082
Atchafalaya-Vermilion
2.367 2.450 2.466 0.084 0.012 0.095
Lake Pontchartrain
4.525 4.553 4.670 0.029 0.117 0.146
Terrebonne
1.771 1.798 1.952 0.038 0.171 0.207
Barataria
1.558 1.614 1.811 0.064 0.206 0.269
Calcasieu-Mermentau
2.701 2.825 2.936 0.148 0.130 0.275
Lake Maurepas
3.038 3.158 3.346 0.122 0.196 0.318
Pearl
4.925 5.050 5.303 0.135 0.275 0.410
Mean Rita Inundation Time (all nodes, 7 day simulation, no GMSL rise, days)
Mean MOM WSE
Mean MOM Diff.
Coastal Basin
1970- 2010- 20101930 1970 2010 1930
1970
1930
Lower Mississippi-New Orleans 5.130 6.701 6.083 1.571 -0.618 0.953
Atchafalaya-Vermilion
2.612 2.670 2.668 0.057 0.000 0.057
Lake Pontchartrain
5.216 5.303 5.590 0.087 0.282 0.370
Terrebonne
2.345 2.560 3.472 0.216 0.912 1.128
Barataria
2.200 2.500 3.467 0.301 0.967 1.268
Calcasieu-Mermentau
1.300 1.451 1.612 0.155 0.161 0.316
Lake Maurepas
0.910 0.921 0.941 0.012 0.020 0.032
Pearl
1.360 1.380 1.410 0.023 0.027 0.050
3.4.3

Storm surge characteristics versus L:W isopleth migration 1930-2010

When including GMSL rise the mean MOM water surface elevations differences from
1930 to 1970 for Atchafalaya-Vermilion, Terrebonne and Barataria are 0.163 m, 0.101 m,
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Table 3.7. Sub-watershed statistics per experimental coastal basin. Mean sub-watershed
values calculated for both MOM water surface elevations difference and Rita inundation
time difference 10 m x 10 m rasters. GMSL rise not included.
Sub-watershed
MOM Water Surface Elevation
Rita Inundation Time Difference
Statistics per
Difference (with GMSL rise, m)
(with GMSL rise, days)
Coastal Basin 1970-1930 2010-1970 2010-1930 1970-1930 2010-1970 2010-1990
Atchafalaya-Vermilion
Mean
0.076
-0.002
0.075
0.068
0.022
0.089
Median
0.051
0.002
0.041
0.037
0.010
0.041
Stand. Dev.
0.088
0.074
0.150
0.090
0.264
0.316
Range
0.296
0.328
0.559
0.421
1.763
1.981
Minimum
-0.025
-0.152
-0.121
-0.070
-1.019
-0.900
Maximum
0.272
0.175
0.438
0.351
0.744
1.081
Count
55
55
55
47
47
47
Terrebonne
Mean
0.058
0.195
0.253
0.269
1.149
1.417
Median
0.061
0.190
0.197
0.163
0.497
0.847
Stand. Dev.
0.093
0.244
0.312
0.360
1.330
1.430
Range
0.445
0.937
1.141
2.145
4.907
5.090
Minimum
-0.190
-0.184
-0.227
-0.079
-0.086
0.000
Maximum
0.255
0.753
0.914
2.066
4.820
5.090
Count
55
55
55
48
48
48
Barataria
Mean
0.068
0.225
0.293
0.395
1.214
1.609
Median
0.057
0.195
0.243
0.173
0.387
0.580
Stand. Dev.
0.081
0.218
0.255
0.607
1.451
1.827
Range
0.595
0.858
1.002
3.233
4.306
5.400
Minimum
-0.172
-0.182
-0.182
-0.003
-0.034
-0.004
Maximum
0.424
0.677
0.820
3.230
4.273
5.397
Count
56
56
56
48
48
48
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and 0.133 m, respectively (Table 3.4). From 1970 to 2010 the differences across the same
coastal basins are: 0.096 m, 0.247 m, and 0.282 m, respectively. Rita inundation time differences for Atchafalaya-Vermilion, Terrebonne and Barataria from 1930 to 1970 are: 0.100
days, 0.283 days, 0.385 days and from 1970 to 2010: 0.040 days, 0.982 days, 1.077 days, respectively. The difference in both mean MOM water surface elevations and inundation time
is smaller within sediment-abundant Atchafalaya-Vermilion 1970 to 2010 compared to the
previous 40 years. Both difference values are greater 1970 to 2010 within the Terrebonne
and Barataria coastal basins when compared with 1930 to 1970. A similar trend is demonstrated when GMSL rise is not included (Table 3.6, Figure 3.13c,d). The mean MOM water
surface elevations difference (no GMSL rise) from 1930 to 1970 for Atchafalaya-Vermilion,
Terrebonne and Barataria is 0.084 m, 0.038 m, and 0.064 m, respectively. From 1970 to
2010 the differences across the same coastal basins are: 0.012 m, 0.171 m, and 0.206 m,
respectively. Rita inundation time differences (no GMSL rise) for Atchafalaya-Vermilion,
Terrebonne and Barataria from 1930 to 1970 are: 0.057 days, 0.216 days, 0.301 days and
from 1970 to 2010: 0.000 days, 0.912 days, 0.967 days, respectively.
The change in storm surge characteristics 1930 to 1970 to 2010 are compared with
the migration of the 40% L:W isopleths within the Atchafalaya-Vermilion, Terrebonne
and Barataria coastal basins (Figure 3.13, Figure 3.1). Mean inland migration of the
40% L:W isopleth is 185 m for a rate of 5 m/year across sediment-abundant AtchafalayaVermilion from 1930 to 1970. For the following 40 years, the mean inland migration is
measured -358 m for a rate of -9 m/year and is negative due to the progradation of the Wax
Lake-Atchafalaya Deltas toward the Gulf of Mexico (GOM) (Figure 3.13a). This negative
inland rate of migration corresponds with the smaller MOM water surface elevations and
inundation time differences from 1970 to 2010. In contrast, in sediment-starved Terrebonne
and Barataria coastal basins the rate of 40% isopleth inland migration increases 1970 to
2010 versus 1930 to 1970. For Terrebonne, 40% isopleth migration is 957 m (24 m/year)
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Figure 3.13. Per coastal basins Atchafalaya-Vermilion, Terrebonne, and Barataria 19302010: a-b) 40% L:W isopleth inland migration (km) vs. mean MOM water surface elevations (WSE) (m) and Rita inundation time (all nodes, 7 day simulation, days) with 2
mm/year GMSL rise, c-d) 40% L:W isopleth inland migration (km) vs. mean MOM water
surface elevations (WSE) (m) and Rita inundation time (all nodes, 7 day simulation, days)
without GMSL rise.
1930 to 1970 and 8,181 m (205 m/year) 1970 to 2010. Similarly, for Barataria: 879 m (22
m/year) 1930 to 1970 and 7,421 m (186 m/year) 1970 to 2010.
3.5

Discussion
To evaluate the impact of climate change on storm surge along the Louisiana coast, a

storm surge model featuring a mesh representation of the modern Louisiana coastal landscape was previously initialized with lowered Gulf of Mexico (GOM) water levels and forced
with hurricanes of decreased intensity (Irish et al., 2013). The contemporaneous historical
coastal landscape could not be represented in a storm surge model mesh due to lack of detailed topo-bathymetric data pre-2000. The present analysis builds on past studies via the
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construction of comparable, simplified representations of the historical Louisiana coastal
landscape. Simulation results reinforce the idea coastal stability and restoration efforts
should be conducted on a coastal basin scale (Twilley et al., 2008). Riverine discharge
re-introduced to the Terrebonne and Barataria coastal basins would increase sediment delivered to these two coastal basins, which would fill the areas converted between 1930 and
2010 from wetland to open water (Day et al., 2007). An increase in land area would result
in a reversal of L:W isopleth inland migration to toward the GOM and reduction of flood
risks for coastal communities.
The impact of substantial riverine sediment deposition in the Atchafalaya-Vermilion
coastal basin and negligible riverine sediment deposition in the Terrebonne and Barataria
coastal basins from 1930 to 2010 is demonstrated through both the rate of migration of the
40% L:W isopleth and the change in storm surge characteristics during this 80 year period.
Specifically, from storm surge model mesh year 1970 to 2010, the average rate of inland
migration within Atchafalaya-Vermilion is -9 m/year while in Terrebonne and Barataria
the rate is 205 m/year and 186 m/year, respectively. Sediment-starved Terrebonne and
Barataria reveal a difference in mean maximum of maximums (MOM) water surface elevations 2.5 and 3.0 times greater than that of sediment-abundant Atchafalaya-Vermilion
from 1970 to 2010. A similar trend is demonstrated for Rita inundation time from 1970 to
2010. Areas in the Terrebonne and Barataria coastal basins are inundated approximately
one day longer than areas in Atchafalaya-Vermilion in mesh year 2010 relative to 1970.
Sensitivity analysis results indicate between 1970 and 2010 wetland loss due to change in
riverine sediment inputs is the greatest contributor to increased inland storm surge heights
and inundation time in the Terrebonne and Barataria coastal basins when compared with
the impact of GMSL rise and excavation of major navigation waterways. In addition to
large-scale drivers of wetland loss (i.e. changes in riverine sediment inputs), small-scale
drivers include, among others, increased flooding from impoundments created by oil canal
spoil banks, salt water intrusion via canal excavation and herbivory due to invasive species
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such as nutria (Chambers et al., 2005; Turner and McClenachan, 2018). However, smallscale causes of wetland loss are outside the scope of this analysis.
The largest changes in maximum significant wave heights also occur (Figure 3.11b)
due to changes in riverine sediment input 1970 to 2010. Maximum significant wave height
differences range -1.00 m to 0.25 m within the sediment-abundant Atchafalaya-Vermilion
coastal basin and -0.25 m to 1.00 m within the sediment-starved Terrebonne and Barataria
coastal basins. Wave heights increase by more than 1 m along barrier islands due to
barrier island loss and relative sea level rise, which allows more wave energy past the
barrier islands and into coastal wetlands. This phenomenon is demonstrated through the
loss of the Chandeleur Islands from 1930 to 2010 resulting in higher maximum significant
wave heights entering the Biloxi Marsh and Lake Pontchartrain (Figure 3.11c).
3.6

Conclusions
The co-evolution of wetland loss and flood risk in the Mississippi River Delta is tested by

contrasting the response of storm surge in historically sediment-abundant versus sedimentstarved Louisiana coastal basins. Storm surge model meshes are constructed featuring
simplified historical coastal Louisiana landscapes circa 1930, 1970 and 2010. Water surface
elevations, time of inundation and wave statistics are computed by simulating the same
suite of 14 hurricane wind and pressure fields for each mesh year. The major finding of this
analysis is the smaller difference in mean maximum of maximums (MOM) water surface
elevation of 0.096 m across the Atchafalaya-Vermilion coastal basin from 1970 to 2010 versus
0.163 m for 1930 to 1970. In contrast, differences in mean MOM water surface elevations
increase across Terrebonne and Barataria coastal basins from 1970 to 2010: 0.247 m and
0.282 m, respectively, versus 1930 to 1970: 0.101 m and 0.133 m, respectively. A smaller
difference in Hurricane Rita inundation time also occurs across Atchafalaya-Vermilion 1970
to 2010: 0.040 days versus 1930 to 1970: 0.100 days. A larger difference occurs across
Terrebonne and Barataria from 1970 to 2010: 0.982 days and 1.077 days, respectively,
versus 1930 to 1970: 0.283 days and 0.385 days, respectively.
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Historical differences in mean MOM water surface elevations and inundation time correspond with historical changes in riverine sediment input for these three coastal basins.
The impact of riverine sediment input is also supported by sensitivity analysis results.
Changes in riverine sediment inputs are identified as the greatest contributor to increased
inland storm surge heights and inundation time when compared with the impact of GMSL
rise and excavation of major navigation waterways. The combined Mississippi and Red
River suspended sediment load diverted to the Atchafalaya River within the AtchafalayaVermilion coastal basin increased from approximately 87.1 megatons/year in 1930 to 93.9
MT/year by 1970 and gradually declined by half to modern-day (2015). In contrast Bayou
Lafourche, which historically supplied Mississippi River sediment to the Terrebonne and
Barataria coastal basins, was dammed from the Mississippi in Donaldsonville by 1906 and
has maintained a negligible suspended load since. Therefore, the wetland nourishing ability
of Mississippi River sediment was non-existent during the study period of 1930 to 2010 in
Terrebonne and Barataria and resulted in substantial wetland collapse within these two
coastal basins.
By analyzing the historical evolution of storm surge across coastal Louisiana, we were
able to establish trends in wetland loss and changes in surge height, wave height and
inundation time. This gives us the ability to extend these trends into the future. The recent
increase in wetland loss across coastal Louisiana (i.e. Terrebonne and Barataria coastal
basins) demonstrates how difficult it will be for this region to cope with future wetland
loss and GMSL rise, especially considering the high annual GMSL rise rates projected by
the Intergovernmental Panel on Climate Change (IPCC) and the National Oceanic and
Atmospheric Administration (NOAA). While the small increase in both land area and
storm surge characteristics across the Atchafalaya-Vermilion coastal basin from 1930 to
2010 demonstrates the ability of sediment deposition to compensate for relative sea level
rise, the 50% reduction of suspended sediment in the Mississippi River since mid-twentieth
century dam construction and the 7,500-year history of the Mississippi building one delta
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lobe at a time implies additional measures must be taken to prepare nationally important
industries and communities across coastal Louisiana for the inevitable increase in future
flood risk.
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Chapter 4
Coastal Louisiana Landscape and Storm Surge Evolution
1850-2110
4.1

Introduction
Deltas across the world are drowning due to relative sea level rise (sum of local sub-

sidence and local eustatic sea level rise), which has major implications for humans and
ecosystems that depend on their existence (Syvitski et al., 2009; Vorosmarty et al., 2009).
River management decisions have increased the magnitude of relative sea level rise trends
during the last century in major river deltas including the Mississippi (Blum and Roberts,
2009; Day et al., 2007; Twilley et al., 2016). Levee construction and the closing of Mississippi River distributaries have resulted in wetland loss and increased inland storm surge
heights across Louisiana coastal basins with substantially reduced riverine sediment input
(i.e. sediment-starved). In contrast, minor landscape changes have occurred in an adjacent
coastal basin with maintained riverine sediment input (i.e. sediment abundant) (Siverd
et al., 2018), (Chapter 3). Annual rates of global mean sea level (GMSL) rise are projected to increase throughout the twenty-first century with extreme scenarios ranging 1.0
to 2.5 m (Jevrejeva et al., 2016; Stocker et al., 2013; Sweet et al., 2017), which will further
stress deltas and inhabitants. The goal of this analysis is to quantify the change in inland
storm surge characteristics from 1850 to 2010 across coastal Louisiana and to examine the
increased contribution of GMSL rise to future change in storm surge characteristics from
2010 to 2110.
Gagliano et al. (1970) asked the question: “Is the (Mississippi) delta, and for that
matter the coastal area on the whole, building or retreating?” Gagliano et al. (1970)
stated the prevailing belief as of 1970 was while the delta was losing wetland in some
areas, it was building wetland in others, which more than compensated for the wetland
loss. The development of 50% land to water (L:W) isopleths, lines that identify areas of
constant land to water ratio, for the years 1930 and 1970 along with a prediction for the
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year 2000 illustrated how the southeast Louisiana coast was moving inland from 1930 to
2000 (Gagliano et al., 1970). Afterwards, a similar analysis was conducted to quantify the
coastal Louisiana historical land loss trend from 1932 to 1990 (Dunbar et al., 1992) and to
make a projection of the 2040 coastal landscape (Louisiana Coastal Wetlands Conservation
and Restoration Task Force, 1993). More recently, Barras et al. (2003) quantified wetland
loss from 1978 to 2000 via geospatial software and made a projection of wetland loss by
2050. Blum and Roberts (2009) projected the 2100 Louisiana coastal landscape assuming
1.0 m relative sea level rise, no catastrophic events and no sediment input in the Mississippi
River Delta. Most recently, the Louisiana Coastal Protection and Restoration Authority
(2017) published three 2067 scenarios of the Louisiana coast based on various rates of
relative sea level rise.
Coastal basins have been delineated in studies of the Louisiana coast at least since
passage of the 1990 Coastal Wetlands Planning, Protection and Restoration Act (CWPPRA) (Barras et al., 2003; Boesch et al., 1994; Couvillion et al., 2011; Louisiana Coastal
Wetlands Conservation and Restoration Task Force, 1993; Twilley et al., 2016, 2008; U.S.
Army Corps of Engineers, 2009). This analysis applies hydrologic unit code 6 (HUC6)
coastal basins and the smaller HUC12 sub-watersheds, which fit within HUC6s, as spatial bounds to quantify storm surge height and inundation time (U.S. Geological Survey,
2017a), (Chapter 3). Henceforth, HUC6 coastal basins are referred to as “coastal basins”
while HUC12 sub-watersheds are referred to as “sub-watersheds”.
During the past few decades, storm surge model development has focused on accurately representing landscape features to produce more accurate simulation results (Ali,
1999; Bilskie et al., 2015; Bilskie and Hagen, 2013; Bilskie et al., 2016; Blain et al., 1998;
Dietrich et al., 2011a; Lawler et al., 2016; Luettich and Westerink, 2004; Massey et al.,
2015, 2011; Walstra et al., 2012; Westerink et al., 2008). Recent studies have also examined the impact of modern hurricanes on past landscapes (Irish et al., 2013) and the
non-linear response of storm surge to GMSL rise (Atkinson et al., 2013; Bilskie et al., 2016,
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2014; Smith et al., 2010). In this analysis, the L:W isopleth concept has been re-applied to
serve as a connector of temporal wetland loss and storm surge model development (Twilley et al., 2016, 2008). Land to water (L:W) isopleths are utilized to simplify the detailed
modern-day Louisiana coastal landscape as represented in the storm surge model developed
for the Coastal Protection and Restoration Authority’s (CPRA) 2017 Coastal Masterplan
(Fischbach et al., 2017). A simplified coastal landscape model featuring a L:W isopleth
permutation of 99%-90%-40%-1% with coastal zones labeled high (99%-90%), intermediate (90%-40%) and submersed (40%-1%) was found to most closely reproduce the detailed
coastal Louisiana landscape (Siverd et al., 2018). The same isopleths (90%, 40%, 1%)
are derived to develop comparably simple historical representations of the Louisiana coast
circa 1850, 1890, 1930, 1970, 1990 and 2010. The 2010 isopleths are applied in the development of future projections of coastal Louisiana circa 2030, 2050, 2070, 2090 and 2110.
Simple landscape representations of the Louisiana coast are developed due to the lack of
comparable topo-bathymetric data for each year prior to the early 2000s (Siverd et al.,
2018).
The aim of this analysis is to quantify the historical and future evolution of storm surge
across the Louisiana coastal landscape from 1850 to 2110. The impact of coastal deforestation on storm surge heights is examined by inserting historical forests in the modern day
(2010) storm surge model. Uncertainty is approximated in the configuration of the future
Louisiana coastal landscapes, which are also qualitatively compared to the projections of
the Louisiana Coastal Wetlands Conservation and Restoration Task Force (1993); Barras
et al. (2003); Coastal Protection and Restoration Authority (2017) coastal masterplan. Resio and Westerink (2008) issued a challenge to develop storm surge models that could be
used to design flood defenses through an approach that “looks far into the future”. In this
analysis, we provide an approach to address this challenge.
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4.2

Study area
The study area is the Louisiana coastal landscape, which is bound by Sabine Lake

(west), Pearl River (east), Intracoastal Waterway (ICWW) (north) and the Gulf of Mexico
(GOM) (south) (Figure 4.1). The Louisiana coast is characterized by small topographic
gradients, numerous man-made canals and navigation waterways. The study area has
changed substantially since 1850. In the 19th century, coastal forests were harvested for
lumber (Conner and Toliver, 1990). In both the 19th and 20th centuries, levees were
constructed adjacent to the Mississippi River for flood control (U.S. Army Corps of Engineers, 2016b). Throughout the 20th century 16,853 km of petroleum canals were excavated
in addition to numerous wide and deep navigation waterways (Turner and McClenachan,
2018). By 2010, 4,877 km2 of Louisiana coastal wetlands and barrier islands were lost due to
changes in river management, subsidence and eustatic (including seasonal GOM expansion)
sea level rise with eustatic sea level rise providing only a minimal historical contribution
Batker et al. (2010); Couvillion et al. (2011), (Chapter 3). This analysis utilizes observed
historical global mean sea level (GMSL) rise and a conservative future GMSL rise scenario
because both historical and future rates of seasonal GOM expansion are unknown.
4.2.1

Historical geologic formation of the Mississippi River Delta

A low global mean sea level (GMSL) rise rate of <1 mm/year beginning approximately
7,500 years before present, along with a low tide and wave environment, allowed the Mississippi River to dominate the south Louisiana landscape (Galloway, 1975). The Mississippi
River Delta began to form through periodic avulsions of the Mississippi River which occurred approximately every 1,000-2,000 years (Bentley et al., 2016; Blum and Roberts,
2009; Roberts, 1997; Twilley et al., 2016). Following each change of course, sediment was
deposited in a new coastal area and rapid wetland creation began while Gulf of Mexico
(GOM) transgression slowly occurred across sediment-starved delta lobes (Roberts, 1997).
Because shipping is the most cost effective form of goods transport per unit (Ligteringen
and Velsink, 2012), establishing a reliable network of 19,300 km of navigable waterways

81

Figure 4.1. 2015 and 2016 satellite images: a) major coastal features and cities of southeast
Louisiana, b) major coastal features and cities of southwest Louisiana, c) 40% L:W isopleths
for years 1890, 1932, 1973, 1990, 2010, 2030, 2050, 2070, 2090, 2110. Black line indicates
the Intracoastal Waterway (ICWW). Purple lines indicate hydrologic unit code 6 coastal
basins.

82

in the Mississippi River System from Canada to south Louisiana was imperative for the
development of trade in the early United States and continues to be presently (Bray et al.,
2011). Navigation and flood protection requirements led to the ongoing construction and
maintenance of Mississippi River levees following the passage of the Flood Control Act
of 1928, which established the Mississippi River and Tributaries Project (Campanella,
2008; U.S. Army Corps of Engineers, 2016a). The Mississippi and Atchafalaya Rivers
have been kept in the same position with Mississippi and Red River discharge to the
Atchafalaya controlled at 30% since the construction of the Old River Control Structure in
1963, effectively ending the delta cycle (Edmonds, 2012b; Wellner et al., 2005; Wells et al.,
1984). Therefore, deltas currently supplied with sediment from the Mississippi River are
the Balize (Modern Delta) and Wax Lake-Atchafalaya Deltas (Bentley et al., 2016; Boesch
et al., 1994; Roberts, 1997; Twilley et al., 2016).
4.2.2

Historical deforestation in coastal Louisiana

The alluvial and deltaic plains of the Mississippi River historically supported large
coastal forests. Swamps and bottomland hardwood forests primarily contain bald-cypress
(Taxodium distichum) and water tupelo (Nyssa aquatica), while the wetlands to the west
of the Mississippi River formed elevated ridges that support live oaks (Quercus virginiana)
(Louisiana Department of Wildlife and Fisheries, 2005; Messina and Conner, 1998). Lumber
from these forests, particularly cypress, was highly desired, but it was difficult to access in
the swamp environment (Mancil, 1972). It was not until the invention and adoption of the
pull boat and overhead railroad skidder system in 1890 that these trees could be felled on an
industrial scale (Mancil, 1972). After 1890, cypress lumber production grew dramatically,
reaching peak levels in 1913 (Conner and Toliver, 1990). By 1930, the supply had been
diminished, and production all but ceased in Louisiana (Conner and Toliver, 1990).
4.2.3

Discovery and the exploitation of oil and natural gas

In 1901 oil was discovered at Spindletop, Texas, near the Sabine River and began to
be exploited in southeast Texas and in Louisiana wetlands from the Sabine River to the

83

Pearl River (Hayes and Kennedy, 1903). Following technological advances, offshore oil
exploration along the Louisiana coast began in the late 1940s, and the first deep water
offshore well was drilled by Shell in the late 1980s (Rajasingam and Freckelton, 2004;
Schroeder and Love, 2004). Since 1901 through 2017 approximately 16,853 km of canals
were excavated throughout the Louisiana coastal landscape to accommodate both onshore
and offshore oil and natural gas exploitation (Turner and McClenachan, 2018).
4.2.4

Wetland loss and dredging of navigation waterways: 1930-2010

Following the first World War, excavation of the Intracoastal Waterway (ICWW) began
and was completed by the end of the 1930s (Harrison, 2015; U.S. Geological Survey, 2017a).
The ICWW facilitated the development of the manufacturing and petroleum industries
across coastal Louisiana, which increased waterborne transport and promoted Louisiana
port development (U.S. Army Corps of Engineers, 2009). Additionally, subsidence rates
of Terrebonne and Barataria were between 6-8 mm/year (Ivins et al., 2007) while global
mean sea level (GMSL) rise was approximately 2 mm/year from 1930 to 2010 (Church
et al., 2013). The combination of high rates of subsidence and GMSL rise resulted in
more than 4,877 km2 of coastal wetlands and barrier islands lost between 1932 and 2010
(Batker et al., 2010; Couvillion et al., 2011). For more details on specific Louisiana coastal
landscape alterations from 1930 to 2010 and the impact on coastal storm surge see Chapter
3.
4.2.5

Beyond the Mississippi River Delta

Historical anthropogenic changes are not unique to the Mississippi River Delta. Deltas
across the world have been impacted by human development with many subsiding at rates
greater than GMSL rise. Syvitski et al. (2009) categorized 33 major deltas by risk of
substantial changes throughout the 21st century. The category with second greatest risk
describes deltas with reduced riverine sediment input and accelerated compaction. Deltas
in this category include the Ganges, Irrawaddy, Magdalena, Mekong, Mississippi, Niger and
Tigris with only the Magdalena not experiencing a reduction in riverine sediment input. All
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six deltas feature relative sea-level rise rates greater than that of GMSL rise. The Ganges
and Mississippi Deltas are especially similar in the size of areas that are less than 2 m above
sea level (Syvitski et al., 2009; Wilson and Goodbred, 2015), reduction in the number of
historical distributary channels (Wilson et al., 2017), the size of areas susceptible to storm
surges, major subsurface liquids extraction, percentage of historical sediment reduction,
historical aggradation rates and relative sea level rise rates (Syvitski et al., 2009).
4.3

Methods

4.3.1

Hydrodynamic model mesh development of historical landscapes

An approach is established to construct storm surge models featuring both historical
and future landscapes of the Louisiana coast. A storm surge model mesh is a network
comprising elements and nodes containing elevation and roughness data. The mesh developed for the CPRA 2017 Louisiana Coastal Master Plan (Fischbach et al., 2017) serves as
a base to edit and construct meshes featuring the Louisiana coastal landscape circa 1850,
1890, 1930, 1970, 1990, 2010, 2030, 2050, 2070, 2090 and 2110. The CPRA2017 base mesh
features approximately 1.4 million nodes and 2.7 million elements and the same topology
(configuration) for all mesh years. The base mesh focuses on the Louisiana coast with 93%
of nodes between Mobile Bay, Alabama, and the Bolivar Peninsula, Texas, and describes
the western north Atlantic Ocean west of the 60◦ W meridian and Caribbean Sea. Manmade features such as levees are removed from the CPRA2017 mesh south and west of the
Mississippi River to compare changes in storm surge characteristics due to land loss across
all mesh years from 1850 to 2110 (Siverd et al., 2018). Mesh resolution is enhanced seaward of the current (2018) barrier islands to accurately describe barrier islands in southeast
Louisiana from 1850 to 2110. This modified CPRA2017 model mesh is hereafter called the
“detailed” storm surge model.
Storm surge simulations are facilitated through application of a coupled ADvanced CIRCulation two-dimensional depth integrated (ADCIRC-2DDI) code (Luettich et al., 1992)
and the third-generation wave model Simulating WAves Nearshore (SWAN) (Booij et al.,
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1999; Dietrich et al., 2011c; Zijlema, 2010). Wind, pressure and wave forcings are included
in this analysis, while tide and river discharge forcings are excluded because the latter have
only minor influence on surge results (National Oceanic and Atmospheric Administration,
2018). Simulation output includes water surface elevations, depth-averaged current velocities and wave statistics. Coastal zones are established via the position of the 90%, 40%,
1% land to water (L:W) isopleths along the Louisiana coast in the following configuration:
high (Intracoastal Waterway (ICWW) - 90%), intermediate (90% - 40%) and submersed
(40% - 1%) (Siverd et al., 2018). Coastal zone elevation values are assigned to all mesh
nodes within each zone with respect to North American Vertical Datum 1988 (NAVD88) as
follows high: 0.47 m, intermediate: 0.27 m, and submersed: -0.98 m. Manning’s n bottom
roughness values are also assigned per coastal zone, high: 0.070, intermediate: 0.045, and
submersed: 0.025. In accordance with Church et al. (2013), historical GOM initial water
levels are set for each storm surge model: 0.5 mm/year 1850-1890, 1.0 mm/year 1890-1930,
2.0 mm/year 1930-2010. The Intermediate-Low scenario from Sweet et al. (2017) is selected for future models, which averages 5.1 mm/year 2010-2110. To include the seasonal
variation, the GOM initial water level is initially set to 0.23 m above NAVD88 for 2010
(U.S. Army Corps of Engineers, 2008). GOM initial water levels are derived from the 2010
starting point of 0.23 m (Table 4.1).
•

1850 and 1890 storm surge model meshes
Binary land/water raster images (Couvillion et al., 2011) are utilized to derive L:W

isopleths for 1932, 1973, 1990 and 2010, which are applied in the construction of storm
surge models circa 1930, 1970, 1990 and 2010 (Chapter 3). Raster images of the Louisiana
coastal landscape do not exist pre-1932 due to lack of coast-wide data. Therefore, U.S.
Geological Survey (2017b) (USGS) 1:62.5k quads derived from 1890 to 1892 surveys of
southeast Louisiana are digitized and a binary land/water raster is created. L:W isopleths
are derived and compared to the 1932 L:W isopleths (Figure 4.2). The 1% and 40%
1890 and 1932 isopleths are similar in all locations except in the Lower Mississippi-New
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Table 4.1. Storm surge model descriptions. 1890 wooded areas are inserted in model 12
for the sensitivity analysis.
Historical and future storm surge models
#

Storm surge

GOM initial water

Navigation

Surface canopy

Surface directional

model mesh year

level (m, NAVD88)

waterways year

year (Fig. B.7)

roughness (z0 ) year

1

1850

0.01

1850

1850-1890

1850-1890

2

1890

0.03

1890

1850-1890

1850-1890

3

1930

0.07

1930

1930-2110

1930-2110

4

1970

0.15

1970-2010

1930-2110

1930-2110

5

1990

0.19

1970-2010

1930-2110

1930-2110

6

2010

0.23

1970-2010

1930-2110

1930-2110

7

2030

0.32

1970-2010

1930-2110

1930-2110

8

2050

0.43

1970-2010

1930-2110

1930-2110

9

2070

0.54

1970-2010

1930-2110

1930-2110

10

2090

0.64

1970-2010

1930-2110

1930-2110

11

2110

0.74

1970-2010

1930-2110

1930-2110

Sensitivity analysis storm surge model
12

2010

0.23

1970-2010

1850-1890

1850-1890

Orleans coastal basin (Figure 4.2b,c). The 90% isopleth demonstrates less similarity due to
incomplete surveys of interior water bodies between 1890 and 1892 (Figure 4.2d). Due to
the spatial similarity of the L:W isopleths in southeast Louisiana and because they extend
from Lake Sabine to the Pearl River, the 1932 L:W isopleths are utilized to construct
storm surge models for the years 1850 and 1890, except for the Balize delta (Figure 4.2e).
The 1890 L:W isopleths replace those of 1932 within the Lower Mississippi-New Orleans
coastal basin to better represent this delta for mesh years 1850 and 1890. The location
of the Intracoastal Waterway (ICWW) is designated the northern boundary of the study
area even though excavation did not begin until 1925 (Figures 4.3, B.1, B.2, B.3, B.4, B.5
and B.6) (Harrison, 2015). Because data exists, barrier islands from Isles Dernieres to the
Chandeleur Islands are input according to U.S. Coast and Geodetic Survey (USC&GS)
T-Sheets and the USGS 1:62.5k quads for 1850 and 1890 (Table 4.2).
Following the timing of industrial lumber production in Louisiana, the coastal forests
south of the ICWW are present in mesh year 1890 and earlier (i.e. elevation, Manning’s n,
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Figure 4.2. a) 1890 L:W isopleths with USGS topo-sheets surveyed 1890-1892, b) 1890
1% L:W isopleth vs. 1932 1% L:W isopleth, c) 1890 40% L:W isopleth vs. 1932 40%
L:W isopleth, d) 1890 90% L:W isopleth vs. 1932 90% L:W isopleth, e) 1932 90%, 40%,
1% L:W isopleths with 1890 90%, 40%, 1% L:W isopleths of the Lower Mississippi-New
Orleans coastal basin (Figure 4.1). Background: 2014 landsat image.
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Table 4.2. Data sources to construct 1850 and 1890 storm surge model meshes.
Topo-bathymetric
Feature

Storm surge model number and mesh year
1 (1850)

2 (1890)

coastal zones via ICWW and 90%,

coastal zones via ICWW and 90%,

interior

40%, 1% 1932 L:W isopleths except

40%, 1% 1932 L:W isopleths except

marsh

within the Lower Mississippi-New

within the Lower Mississippi-New

Orleans coastal basin

Orleans coastal basin

U.S. Coast and Geodetic Survey

U.S. Coast and Geodetic Survey

(USC&GS) T-Sheet data. Shoreline

(USC&GS) T-Sheet data. Shoreline

digitized by Byrnes et al. (2018)

digitized by Byrnes et al. (2018)

U.S. Coast and Geodetic Survey

U.S. Geological Survey (USGS)

(USC&GS) T-Sheet data. Shoreline

1890-1892 quad sheets

Isles
Dernieres
Timbalier Island to
Sandy Island

digitized by Byrnes et al. (2018)
Chandeleur
Islands
historical
interior
ridges

U.S. Coast and Geodetic Survey

U.S. Coast and Geodetic Survey

(USC&GS) T-Sheet data. Shoreline

(USC&GS) 1890 map which is

digitized by Byrnes et al. (2018)

georeferenced and digitized

1895 Hardees New Geographical

1895 Hardees New Geographical

Historical and Statistical Official Map

Historical and Statistical Official Map

of Louisiana and data from

of Louisiana and data from

Mancil (1972)

Mancil (1972)

surface canopy coefficient and surface directional effective roughness length) but are absent
in mesh year 1930 and later. For 1890 and earlier, surface canopy coefficient and surface
directional effective roughness length are also present north of the ICWW for these eras
(Figure B.7). Two maps guided the delineation of coastal forests and were georeferenced
and digitized. The first is from 1895 and was commissioned by the Louisiana Legislature; it
designates areas of “cypress or wooded swamplands,” along with other land types (Hardee,
1895). The second map was created in 1972 from aerial photographs and topographic
quadrangles and shows areas of industrial cypress logging (Mancil, 1972). To the authors’
knowledge, these are the best available sources of information on the spatial distribution
of historical coastal forests in Louisiana. In accordance with literature, coastal forested
areas are described for both mesh years 1850 and 1890 with an elevation value of 1 m and
Manning’s n of 0.015 (Bunya et al., 2010; Loder et al., 2009).

89

Figure 4.3. Topography and bathymetry: 1890, 1930, 2010 and 2110.
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•

1930, 1970, 1990, 2010 storm surge model meshes
The circa 1930, 1970, 1990 and 2010 storm surge model meshes were developed by

similar methods. L:W isopleths (1%, 40%, 90%) were derived for 1932, 1973, 1990 and
2010 and applied to the detailed model mesh from Lake Sabine to the Pearl River to
construct meshes circa 1930, 1970, 1990, and 2010. USGS quad sheets and/or National
Oceanic and Atmospheric Administration (NOAA) T-sheets were utilized to input barrier
islands, ridges and navigation waterways as they existed in each mesh year. For more
details see Chapter 3.
•

Sensitivity analysis storm surge model mesh
One sensitivity analysis is conducted to examine the impact of coastal deforestation

on storm surge. Coastal forests were intact in 1890 and removed by 1930 across south
Louisiana. Therefore, the 1890 coastal forests are input in the 2010 storm surge model
mesh to test the impact on storm surge if the coastal forests had not been removed (model
12, Table 4.1). Storm surge results from the 1890 storm surge model (model 2, Table 4.1)
are subtracted from those of the 2010 storm surge model with 1890 coastal forests (model
12, Table 4.1) and from the results of the 2010 storm surge model without 1890 coastal
forests (model 6, Table 4.1).
4.3.2

Hydrodynamic model mesh development of future landscapes

L:W isopleths derived for 2010 are utilized to construct storm surge model meshes that
feature future representations of the Louisiana coastal landscape circa 2030, 2050, 2070,
2090 and 2110. Recall that the 1% L:W isopleth indicates one part land for every 100
parts water, or virtually open water. For all historical storm surge models (1850-2010) the
position of the 1% L:W isopleth demonstrates only minor spatial variations. Therefore,
the 2010 1% L:W isopleth is utilized for the location of the 1% L:W isopleth for all meshes
featuring future Louisiana landscapes.
Conversely, a trend in isopleth migration is observed across storm surge model mesh
years 1970, 1990 and 2010. The land to water ratio decreases by approximately 10% at
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all locations south of the ICCW for each 20 year interval with only minor variations (i.e.
the 40% L:W isopleth in 1970 converts to 30% in 1990 and 20% in 2010). This trend is
extrapolated into the future using the 2010 L:W isopleths: 2010 50% = 2030 40%; 2010
60% = 2050 40%; 2010 70% = 2070 40%, 2010 80% = 2090 40% and 2010 90% = 2110
40%. Similarly: 2010 99% = 2030 90%.
The only exception to the land loss trend is in the Wax Lake-Atchafalaya Deltas where
land has been increasing since 1970. According to Wells et al. (1984) and Twilley et al.
(2008), a delta rapidly grows for the first 60 to 90 years after the initial emergence of land.
Subsequent delta growth slows substantially due to radial expansion assuming constant
sediment supply, subsidence and erosion rates. The Wax Lake Outlet was dredged in the
1930s to reduce flood risk in Morgan City (U.S. Geological Survey, 2017b). Therefore,
these two deltas began to form approximately 90 years ago. The 2010 40% L:W isopleth
is utilized to input the position of the Wax Lake and Atchafalaya Deltas for 2030, 2050,
2070, 2090 and 2110 because of non-linear delta development and the inability to predict
when these two deltas will stop growing and start retrograding.
The state of Louisiana has committed to rebuilding and maintaining the barrier islands
from Isles Dernieres to the Chandeleur Islands (Coastal Protection and Restoration Authority, 2017). Therefore, the barrier islands are assumed to stay in the same position. Barrier
island position, elevation and Manning’s n values as they exist in the detailed model mesh
are maintained in future meshes 2030 to 2110. For comparability purposes, the ICWW
is maintained as the northern boundary of the study area even though landscape changes
north of the ICWW are likely to occur. Future representations of the Louisiana coastal
landscape from 2030 to 2110 portray a conservative scenario for the state of Louisiana
because it is not known how areas susceptible to change such as the upper AtchafalayaVermilion, Terrebonne, Barataria coastal basins, land bridge between New Orleans East
and Slidell, and the shoreline of Lake Pontchartrain will be maintained by the state and
federal governments.
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4.3.3

Evaluation of future landscapes

A trend is observed in L:W isopleth inland migration. From 1973 to 2010 any given area
along the Louisiana coastal landscape loses approximately 10% of wetland every 20 years.
Therefore, statistical differences in positions of historical L:W isopleths are calculated to
provide a measure of uncertainty of future projections. For example, the position of the
1973 40% L:W isopleth is compared to that of the 2010 L:W 20% isopleth to derive statistics
such as the mean and median distances between both. The 1990 40% and 2010 30% L:W
isopleths are compared as well as the 1990 90% and 2010 80% L:W isopleths. Because
L:W isopleth migration trends of the recent past are assumed to continue into the future,
substantial increases or decreases in annual subsidence rates are assumed not to occur.
How subsidence is accounted for follows.
4.3.4

Subsidence

Subsidence is addressed via the migration of the L:W isopleths inland from 1850 to
2110. Coastal zones high, intermediate and submersed, which are delineated by the position
of L:W isopleths, feature the same elevation and Manning’s n values for all mesh years.
The areas of coastal zones high and intermediate decrease while the area of submersed
increases from 1850 to 2110 as the 90% and 40% L:W isopleths migrate inland. Subsidence
is accounted for by the temporal conversion of high to intermediate and intermediate to
submersed. Additionally, the 2010 average elevations derived for each coastal zone (Siverd
et al., 2018) are supported via marsh elevations measured by Day et al. (2011).
4.3.5

Storm surge model simulations

The objective of this analysis is to quantify the temporal changes in hurricane storm
surge along the Louisiana coast due to landscape changes and eustatic sea level rise. To
permit a reasonable comparison, all storm surge models are forced with the same suite
of meteorological wind and pressure fields developed from 14 historical hurricanes (Cox
et al., 1995; Powell et al., 1998). These 14 hurricanes include: Isaac (2012), Gustav (2008),
Ike (2008), Dennis (2005), Katrina (2005), Rita (2005), Ivan (2004), Georges (1998), Earl

93

Figure 4.4. Coastal zones intermediate (between Intracoastal Waterways and 40% L:W
isopleth) and submersed (between 40% and 1% L:W isopleths) versus projections of the
future Louisiana coast: a) 2050 versus Louisiana coastal landscape in 2040 (Louisiana
Coastal Wetlands Conservation and Restoration Task Force, 1993) b) 2050 versus USGS
2050 landscape (Barras et al., 2003) c) 2070 versus 2067 future without action-medium
scenario d) 2070 versus 2067 future with action-medium scenario (Coastal Protection and
Restoration Authority, 2017).
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(1998), Opal (1995), Andrew (1992), Kate (1985), Elena (1985), and Agnes (1972). Simulated hurricane storm surges are from hurricanes that tracked across the Gulf of Mexico
(GOM), reached Category 1 status while in the GOM and made landfall between Galveston
and Apalachicola Bay. Even though storm surge from 14 actual historical hurricanes are
simulated for each mesh year, a suite of synthetic hurricane forcings could instead have
been utilized to achieve the objective of this analysis. Outputs per mesh node include
maximum water surface elevation, inundation time, current velocity, and wave statistics
(Dietrich et al., 2011c). The maximum of maximums (MOM) water surface elevation is
computed by finding the highest simulation output per node of all hurricanes. MOM water
surface elevation differences are calculated by subtracting a 10 m x 10 m raster of an early
mesh year simulation output (i.e. 1850) from that of a later year (i.e. 2110). Inundation
time output is the total time each node is wetted during the simulation regardless if each
node is wetted continually or if each wetted node becomes dry and is later wetted again.
4.4

Results

4.4.1

Uncertainty assessment of future landscapes

To provide a measure of uncertainty of future landscapes, a quantitative analysis is
conducted of L:W isopleth migration trends from 1973 to 2010. Statistics are calculated
within the Atchafalaya-Vermilion, Terrebonne and Barataria coastal basins for the following
L:W isopleth combinations: 1973 40% & 2010 20%, 1990 40% & 2010 30%, and 1990 90% &
2010 80% (Table 4.3). Mean represents the average distance each pair of isopleths are from
each other. All minimum values are “0” because each pair of isopleths cross at multiple
locations. Maximum indicates the longest distance each pair of isopleths are from each
other within each coastal basin. Median provides the optimal statistic between isopleths
due to the relatively high standard deviation. Within Atchafalaya-Vermilion, the median
distances between 1973 40% & 2010 20% and between 1990 40% & 2010 30% are 480 m
and 240 m, respectively, and the mean of the medians is 360 m. The mean of medians
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for the same two L:W isopleth pairs is 619 m and 790 m for Terrebonne and Barataria,
respectively.
Table 4.3. Historical L:W isopleth position comparison statistics for the AtchafalayaVermilion, Terrebonne and Barataria coastal basins.

Statistics (m)
Mean
Median
Standard Deviation
Range
Minimum
Maximum
Statistics (m)
Mean
Median
Standard Deviation
Range
Minimum
Maximum
Statistics (m)
Mean
Median
Standard Deviation
Range
Minimum
Maximum

Atchafalaya-Vermilion
1973 40% & 2010 20% 1990 40% & 2010 30%
1,079
709
480
240
1,632
1,236
8,363
5,562
0
0
8,363
5,562
Terrebonne
1973 40% & 2010 20% 1990 40% & 2010 30%
1,365
3,368
514
724
1,604
4,312
5,973
15,716
0
0
5,983
15,716
Barataria
1973 40% & 2010 20% 1990 40% & 2010 30%
3,328
1,924
1,089
490
3,614
2,634
11,987
11,121
0
0
11,988
11,121

1990 90% & 2010 80%
724
430
761
3,951
0
3,960
1990 90% & 2010 80%
439
306
402
2,220
0
2,220
1990 90% & 2010 80%
456
309
482
2,790
0
2,790

The rate of annual mean inland migration of the 40% L:W isopleth from 1973 to 2010
is: -9 m/year, 205 m/year, and 186 m/year for Atchafalaya-Vermilion, Terrebonne and
Barataria, respectively (Chapter 3). The mean of median distances in historical L:W isopleth positions are approximately equal to only 4 years of isopleth migration in Terrebonne
and Barataria. Therefore, the historical L:W isopleth trend is deemed acceptable to extend
to 2110. The annual migration of the 40% isopleth within Atchafalaya-Vermilion is negative due to the growth of the Wax Lake-Atchafalaya Deltas. The pair 1990 90% & 2010
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80% further promote extension of this trend into the future with minimal median distances
of 430 m, 306 m and 309 m within Atchafalaya-Vermilion, Terrebonne and Barataria, respectively. In summary, the median location uncertainty of the 40% L:W isopleth for 2030,
2050, 2070, 2090, 2110 ranges from 240 m to 480 m within Atchafalaya-Vermilion, from
514 m to 724 m within Terrebonne and from 490 m to 1,089 m within Barataria.
Storm surge model mesh representations of the Louisiana coastal landscape 2050 and
2070 are compared to those of studies by the Louisiana Coastal Wetlands Conservation and
Restoration Task Force (1993); Barras et al. (2003); Coastal Protection and Restoration
Authority (2017) (Figure 4.4). By 2050, coastal zone high no longer exists south of the
Intracoastal waterway (ICWW). Therefore, for years 2050 and 2070, only coastal zones
intermediate and submersed are compared with landscape projections of past studies. The
Louisiana Coastal Wetlands Conservation and Restoration Task Force (1993) published a
projection of the 2040 Louisiana coastal landscape based on coastal wetland loss captured
in aerial photography from 1956 to 1983. Areas in red depict land loss by 2040 and are described as less than 50 percent land. The 2050 intermediate (green) and submersed (blue)
coastal zones are compared to the Louisiana Coastal Wetlands Conservation and Restoration Task Force (1993) projection because a 2060 40% L:W isopleth is not developed in
this analysis and the 2050 coastal zones provide a sufficient qualitative comparison (Figure
4.4a). The Barras et al. (2003) 2050 land loss projection is also compared to the 2050 intermediate and submersed coastal zones of this analysis (Figure 4.4b). Similarity of future
coastlines generally occurs across the coast except between the Biloxi Marsh and the east
side of the Mississippi River. Notably, this area was substantially impacted by Hurricane
Katrina in 2005 (Chen et al., 2008). For 2070, the Coastal Protection and Restoration
Authority (2017) coastal master plan 2067 medium scenario for both no action (Figure
4.4c) and with action (Figure 4.4d) are compared to the 2070 intermediate (green) and
submersed (blue) coastal zones. Similarity occurs in the sediment abundant AtchafalayaWax Lake delta area as well as in the sediment-starved Terrebonne and Barataria coastal
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basins. The two projections are less similar in the Biloxi Marsh area and in southwest
coastal Louisiana.
4.4.2

Mean maximum of maximums (MOM) water surface elevations

Mean maximum of maximums (MOM) water surface elevations are described for all
mesh years from 1850 to 2110 (Figure 4.5). Mean MOM water surface elevations differences
are quantified per sub-watersheds: 1890-1850 (Figure 4.6a), 1930-1890 (Figure 4.6b) 20101930 (Figure 4.6c) 2110-2010 (Figure 4.7d) and 2110-1850 (Figure 4.7e). Mean MOM water
surface elevations differences reveal little change from mesh year 1850 to 1890 across coastal
Louisiana (Figure 4.6a, Table 4.4). Storm surge extends inland and is lower near the coast
within coastal basins Atchafalaya-Vermilion, Terrebonne and Barataria due to the loss of
coastal forests by 1930 and global mean sea level (GMSL) rise (Figure 4.6b). Storm surge
is also able to propagate further up the Atchafalaya River in 1930 due to excavation of the
Wax Lake Outlet, as illustrated by a 1.70 m difference within a sub-watershed in this area
(Figure 4.6b, Table 4.5). Between 1930 and 2010, a smaller change of 0.26 m in MOM
water surface elevations occurs within Atchafalaya-Vermilion while changes of 0.34 m and
0.41 m occur across Terrebonne and Barataria, respectively (Figure 4.6c, Table 4.4). The
contrast in changes in MOM water surface elevations across these three coastal basins (i.e.
0.67 m, 0.55 m, and 0.75 m, respectively) diminishes between 2010 and 2110 as the rate of
annual GMSL rise increases (Figure 4.7d, Table 4.4).
Mean MOM water surface elevation sub-watershed statistics allow greater understanding of surge results within each larger coastal basin. Sub-watershed statistics of AtchafalayaVermilion demonstrate trends different from those of Terrebonne and Barataria. For example, within Atchafalaya-Vermilion mean MOM water surface elevation difference standard
deviations are (m): 0.01, 0.26, 0.17, 0.20 and 0.41 for 1890-1850, 1930-1890, 2010-1930,
2110-2010 and 2110-1850, respectively, which reveals a relative decrease in variability for
2010 minus 1930 versus the intervals before and after (Table 4.5). Mean MOM water surface
elevation difference range also demonstrates a decrease in variability for 2010 minus 1930,
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Table 4.4. Mean maximum of maximums (MOM) water surface elevations for all 14 hurricane storm surges (m) and mean inundation time for Rita (days). Mean MOM water
surface elevations difference and Rita inundation time difference calculated by computing
difference in 10 m x 10 m rasters and averaging across individual coastal basins. Coastal
basins are sorted by smallest to largest mean MOM difference 2010-1930 (m). GMSL rise
of 0.5 mm/year 1850-1890, 1 mm/year 1890-1930, 2 mm/year 1930-2010, 5.1 mm/year
2010-2110 is included.
Mean Maximum of Maximums (MOM) Water Surface Elevations (WSE) (m)
Mean MOM WSE (m)

Mean MOM Diff. (m)

Coastal Basin

1890-

1930-

2010-

2110-

2110-

1850

1890

1930

2010

2110

1850

1890

1930

2010

1850

Lower Mississippi-New Orleans

2.72

2.74

2.78

2.85

3.24

0.02

0.04

0.07

0.39

0.52

Atchafalaya-Vermilion

2.14

2.16

2.22

2.47

3.05

0.02

0.08

0.26

0.67

1.02

Lake Pontchartrain

4.33

4.35

4.37

4.67

5.20

0.02

0.03

0.30

0.61

0.95

Terrebonne

1.58

1.61

1.65

1.95

2.50

0.03

0.08

0.34

0.55

0.95

Barataria

1.48

1.49

1.45

1.81

2.43

0.02

0.08

0.41

0.75

1.18

Calcasieu-Mermentau

2.47

2.48

2.57

2.94

4.03

0.02

0.10

0.43

1.15

1.64

Lake Maurepas

2.70

2.73

2.84

3.35

4.25

0.02

0.12

0.53

0.95

1.62

Pearl

4.65

4.67

4.74

5.30

6.02

0.02

0.07

0.61

0.79

1.50

Mean Inundation Time Rita (all nodes, 7 day simulation, days)
mean Inundation Time

mean Inundation Time Diff.

Coastal Basin

1890-

1930-

2010-

2110-

2110-

1850

1890

1930

2010

2110

1850

1890

1930

2010

1850

Lower Mississippi-New Orleans

5.97

5.98

4.93

6.08

6.95

0.01

-1.05

1.15

0.87

0.98

Atchafalaya-Vermilion

2.45

2.46

2.53

2.67

4.03

0.01

0.07

0.14

1.36

1.57

Lake Pontchartrain

5.05

5.06

5.10

5.59

6.20

0.01

0.04

0.49

0.62

1.15

Terrebonne

2.07

2.09

2.21

3.47

5.88

0.02

0.12

1.27

2.41

3.81

Barataria

1.92

1.94

2.01

3.47

5.92

0.02

0.07

1.46

2.46

4.01

Calcasieu-Mermentau

1.15

1.16

1.20

1.61

3.55

0.01

0.05

0.41

1.94

2.40

Lake Maurepas

0.75

0.76

0.79

0.94

2.76

0.01

0.03

0.15

1.82

2.01

Pearl

1.05

1.07

1.12

1.41

2.08

0.02

0.05

0.29

0.67

1.03
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Table 4.5. Sub-watershed statistics per coastal basin. Mean sub-watershed values calculated for MOM water surface elevation difference 10 m x 10 m rasters. GMSL rise of 0.5
mm/year 1850-1890, 1 mm/year 1890-1930, 2 mm/year 1930-2010, 5.1 mm/year 2010-2110
included.
Sub-watershed
Statistics per
Coastal Basin
Mean
Median
Stand. Dev.
Range
Minimum
Maximum
Count
Mean
Median
Stand. Dev.
Range
Minimum
Maximum
Count
Mean
Median
Stand. Dev.
Range
Minimum
Maximum
Count

MOM Water Surface Elevation Difference (m)
1890-1850 1930-1890 2010-1930 2110-2010 2110-1850
(4.6a)
(4.6b)
(4.6c)
(4.7d)
(4.7e)
Atchafalaya-Vermilion
0.02
0.18
0.23
0.74
1.18
0.02
0.08
0.22
0.77
1.20
0.01
0.26
0.17
0.20
0.41
0.03
1.84
0.64
0.92
2.34
0.00
-0.14
0.01
0.30
0.54
0.03
1.70
0.66
1.22
2.88
55
55
55
56
55
Terrebonne
0.03
0.09
0.39
0.64
1.09
0.02
0.09
0.32
0.59
1.04
0.02
0.14
0.32
0.35
0.54
0.10
0.81
1.15
1.47
1.98
0.00
-0.21
-0.06
-0.08
0.24
0.10
0.59
1.08
1.38
2.22
54
54
55
58
54
Barataria
0.02
0.11
0.45
0.78
1.37
0.02
0.10
0.40
0.74
1.16
0.02
0.14
0.27
0.36
0.63
0.10
0.94
1.06
1.47
2.48
0.00
-0.49
-0.03
0.20
0.36
0.10
0.45
1.03
1.67
2.84
55
55
56
57
55
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Figure 4.5. Maximum of maximums (MOM) water surface elevations for all eleven storm
surge model years from 1850 to 2110.
0.64 m, compared to 1930 minus 1890, 1.84 m, and 2110 minus 2010, 0.92 m, indicating
the impact of maintained sediment input on the unfragmented landscape of AtchafalayaVermilion. For sediment-starved Terrebonne and Barataria, standard deviation and range
consistently increase from the first interval of 1890 minus 1850 to the last interval of 2110
minus 2010.
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Figure 4.6. Mean maximums of maximums (MOM) water surface elevations difference
(m, NAVD88) per coastal basins (bold lines) and per sub-watersheds (gray lines) for: a)
1890-1850, b) 1930-1890, c) 2010-1930. GMSL rise of 0.5 mm/year 1850-1890, 1 mm/year
1890-1930, 2 mm/year 1930-2010 included.
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Figure 4.7. Mean maximums of maximums (MOM) water surface elevations difference
(m, NAVD88) per coastal basins (bold lines) and per sub-watersheds (gray lines) for: d)
2110-2010, e) 2110-1850. GMSL rise of 0.5 mm/year 1850-1890, 1 mm/year 1890-1930, 2
mm/year 1930-2010, 5.1 mm/year 2010-2110 is included.
4.4.3

Inundation time

Inundation time is quantified in addition to mean MOM water surface elevations to
further examine the historical and future co-evolution of the Louisiana coastal landscape
and storm surge. Inundation time is quantified on a per storm basis due to the time
dependency of this storm surge characteristic and inability to compare simulation output
of multiple hurricanes with varying forward speeds. Hurricane Rita traversed the Gulf of
Mexico south of Louisiana, made landfall on the Texas-Louisiana state line and was a large
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storm with relatively high winds, all of which resulted in nearly all the study area being
inundated. Therefore, only the inundation time of Hurricane Rita is quantified in this
analysis.
Results for each mesh year include both temporarily and permanently wetted areas
during the seven-day Rita simulation time. Difference plots demonstrate the evolution of
inundation time across coastal Louisiana from 1890 to 2110 with temporarily inundated
areas migrating inland and areas along the coast converting from temporarily wetted to
permanently wetted (Figures 4.8 and 4.9). Little change occurs from 1850 to 1890 evidenced
by most sub-watersheds in the -0.05 m – 0.05 m interval (Figure 4.8a). Minimal change also
occurs from 1890 to 1930 except within the Lower Mississippi-New Orleans coastal basin due
to substantial growth of the Balize Delta (Figure 4.8b). Between 1930 and 2010 a difference
of approximately one day in the changes of inundation time occur within sediment abundant
Atchafalaya-Vermillion versus sediment-starved Terrebonne and Barataria with values of
0.14 days, 1.27 days and 1.46 days, respectively (Figure 4.8c, Table 4.4). From 2010 to
2110, the difference in inundation time between sediment-abundant and sediment-starved
coastal basins remains approximately one day. However, the Atchafalaya-Vermilion value
of 1.36 days increases to greater than half of Terrebonne and Barataria: 2.41 days and 2.46
days, respectively.
Mean sub-watershed values within these three coastal basins reveal similar trends.
Rita inundation time differences consistently rise for mean, median, standard deviation,
and range for all time intervals from 1850 to 2110 (Table 4.6). However, the rate of rise of
all four statistics from 1850 to 2010 is substantially less within the Atchafalaya-Vermilion
coastal basin when compared with those of Terrebonne and Barataria. For example, the
difference in the median of mean sub-watershed inundation time values increases from 0.04
days between 1890 and 1930 to 0.07 days 1930-2010 within Atchafalaya-Vermilion, a 92%
increase. In contrast, the median difference is 0.09 days and 0.07 days for Terrebonne
and Barataria from 1890 to 1930, while from 1930 to 2010: 0.81 days and 0.57 days,
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Table 4.6. Sub-watershed statistics per coastal basin. Mean sub-watershed values calculated for inundation time difference 10 m x 10 m rasters. GMSL rise of 0.5 mm/year
1850-1890, 1 mm/year 1890-1930, 2 mm/year 1930-2010, 5.1 mm/year 2010-2110 is included.
Sub-watershed
Statistics per
Coastal Basin
Mean
Median
Stand. Dev.
Range
Minimum
Maximum
Count
Mean
Median
Stand. Dev.
Range
Minimum
Maximum
Count
Mean
Median
Stand. Dev.
Range
Minimum
Maximum
Count

Rita Inundation Time Difference (days)
1890-1850 1930-1890 2010-1930 2110-2010 2110-1850
(4.8a)
(4.8b)
(4.8c)
(4.9d)
(4.9e)
Atchafalaya-Vermilion
0.01
0.10
0.18
1.93
2.14
0.01
0.04
0.07
1.21
1.11
0.02
0.14
0.36
1.97
2.20
0.07
0.72
2.37
6.00
6.19
0.00
-0.13
-0.81
0.00
0.00
0.07
0.59
1.56
6.00
6.19
54
53
55
55
57
Terrebonne
0.02
0.14
1.40
2.99
4.25
0.02
0.09
0.81
2.77
5.04
0.03
0.14
1.44
1.90
2.25
0.18
0.63
5.31
6.33
7.00
-0.05
0.00
0.00
0.00
0.00
0.13
0.63
5.31
6.33
7.00
49
52
55
54
58
Barataria
0.02
0.07
1.65
2.76
4.35
0.02
0.07
0.57
2.34
5.26
0.02
0.14
1.86
2.14
2.33
0.13
1.01
5.76
6.72
6.99
-0.02
-0.66
0.00
0.00
0.00
0.10
0.35
5.76
6.72
6.99
51
52
54
59
59
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Figure 4.8. Hurricane Rita inundation time difference averaged across sub-watersheds with
all inundated areas included; total simulation time 7 days: a) 1890-1850, b) 1930-1890, c)
2010-1930. Coastal basins are bold lines. Sub-watersheds are gray lines. GMSL rise of 0.5
mm/year 1850-1890, 1 mm/year 1890-1930, 2 mm/year 1930-2010 is included. Rita track
is the blue line.
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Figure 4.9. Hurricane Rita inundation time difference averaged across sub-watersheds with
all inundated areas included; total simulation time 7 days: d) 2110-2010, e) 2110-1850.
Coastal basins are bold lines. Sub-watersheds are gray lines. GMSL rise of 0.5 mm/year
1850-1890, 1 mm/year 1890-1930, 2 mm/year 1930-2010, 5.1 mm/year 2010-2110 is included. Rita track is the blue line.
respectively eight-fold and twelve-fold increases from the 1890-1930 interval. The median
for all three respective coastal basins from 2010 to 2110 is: 1.21 days, 2.77 days and
2.34 days, demonstrating a smaller future distinction among the Atchafalaya-Vermilion,
Terrebonne and Barataria coastal basins.
4.4.4

Maximum significant wave heights

Maximum significant wave height differences are quantified for each difference interval
(Figures 4.10 and 4.11). Similar to MOM water surface elevations and inundation time,
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minimal change occurs from 1850 to 1890 in maximum significant wave heights. Relatively
minor changes also occur from 1890 to 1930 except within the Lower Mississippi-New Orleans coastal basin where wave heights decrease due to the progradation of the Balize delta
(Figure 4.10b). Similarly, wave heights decrease in the southeast area of the AtchafalayaVermilion coastal basin due to the emergence and growth of the Wax Lake-Atchafalaya
Deltas from 1930 to 2010 (Figure 4.10c). Between 2010 and 2110, all coastal basins except
Lake Maurepas and Pearl feature an area where the difference in maximum significant wave
heights exceeds 1 m. Due to substantial wetland loss by 2110 (Figure 4.3d), a large area
within the Calcasieu-Mermenau coastal basin features wave height differences greater than
1 m. In contrast with mesh year 1850, maximum significant wave heights increase more
than 1 m by 2110 across coastal Louisiana due to both wetland loss and GMSL rise. A
small exception occurs in the areas of delta growth (Figure 4.11d).
4.4.5

Sensitivity analyses: Impact of historical coastal forest loss 1890-2010

To test the importance of coastal deforestation since 1890, the 1890 coastal forests
are input in the 2010 storm surge model which is then forced with the same suite of 14
historical hurricane wind and pressure fields and the 2010 Gulf of Mexico (GOM) initial
water level (model 12, Table 4.1). Mean maximum of maximums (MOM) water surface
elevation difference results are calculated from the 2010 storm surge model with 1890 coastal
forests surge output minus the 1890 storm surge output (Figure 4.12a). MOM water surface
elevation differences are also calculated for the 2010 minus 1890 storm surge model outputs
(Figure 4.12b). Variations in difference results are negligible on a coastal basin scale for
both scenarios with the smallest variation of 0.00 m occurring in the Pearl coastal basin
and largest variation of 0.07 m occurring in the Calcasieu-Mermentau coastal basin (Table
4.7). Sub-watershed statistics also reveal little discernable impact of deforestation. One
exception is the Barataria coastal basin greater median water surface elevation difference
of 0.52 m for mesh years 2010 and 1890 versus a median difference of 0.37 m for 2010
with 1890 coastal forests and 1890 (Table 4.8). MOM water surface elevation differences
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Figure 4.10. 10 m x 10 m maximum of maximums significant wave height difference plots:
a) 1890-1850, b) 1930-1890, c) 2010-1930. Coastal basins (bold lines) and sub-watersheds
(gray lines) included for spatial reference. GMSL rise of 0.5 mm/year 1850-1890, 1 mm/year
1890-1930, 2 mm/year 1930-2010 is included.
are lower inland of the Intracoastal Waterway (ICWW) when coastal forests exist in 2010
(Figure 4.12a) compared to when they do not exist (Figure 4.12b).
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Figure 4.11. 10 m x 10 m maximum of maximums significant wave height difference plots:
d) 2110-2010, e) 2110-1850. Coastal basins (bold lines) and sub-watersheds (gray lines)
included for spatial reference. GMSL rise of 0.5 mm/year 1850-1890, 1 mm/year 18901930, 2 mm/year 1930-2010, 5.1 mm/year 2010-2110 is included.
4.5

Discussion
Sustainable land area of a delta can be defined as the volumetric sediment discharge

entering the delta multiplied by the fraction retained in the delta and the volume contributed by organic production divided by solids volume fraction and relative sea level rise
(Paola et al., 2011). Four distinct stages in the evolution of the coastal Louisiana landscape
that support this balance equation: 1. 1850-1890: Minimal to no change in landscape; 2.
1890-1930: Disappearance of the coastal forests and excavation of the Wax Lake Outlet;
3. 1930-2010: Substantial wetland loss but also emergence and growth of the AtchafalayaWax Lake Deltas; 4. 2010-2110: Drowning of all three basins due to increased global mean
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Figure 4.12. Sensitivity analysis historical coastal forests. Mean maximums of maximums
(MOM) water surface elevations difference (m, NAVD88) per coastal basins (bold lines) and
per sub-watersheds (gray lines) for: a) 2010 storm surge model with 1890 coastal forests
minus 1890 storm surge model results (model 12-model 2, Table 4.1), b) 2010 storm surge
model without 1890 coastal forests results minus 1890 storm surge model results (model
6-model 2, Table 4.1).
sea level (GMSL) rise and continued subsidence. In terms of the Paola et al. (2011) equation, from 1850 to 2110 volumetric sediment discharge within the Mississippi River Delta
decreases, while the annual rate of relative sea level rise increases. The result is reduced
sustainable land area of the Mississippi River Delta, historical and future wetland collapse.
A comparative hurricane storm surge analysis for the period spanning 1850 to 2110
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Table 4.7. Sensitivity analysis 1890-2010: 1890 storm surge model with Gulf of Mexico
(GOM) initial water level of 0.03 m, NAVD88 (Model 2, Table 4.1). 2010 storm surge
model with GOM initial water level of 0.23 m, NAVD88 (Model 6, Table 4.1). 2010 storm
surge model with GOM initial water level of 0.23 m, NAVD88 and 1890 wooded areas
(Model 12, Table 4.1).
Mean Maximum of Maximums (MOM) Water Surface Elevations (WSE) (m)
Mean MOM WSE (m)
Coastal Basin

Mean MOM Diff. (m)

1890

2010

2010

2010-1890

2010-1890

(Model 2)

(Model 12)

(Model 6)

(Model 12-2)

(Model 6-2)

Lower Mississippi-New Orleans

2.74

2.84

2.85

0.10

0.11

Atchafalaya-Vermilion

2.16

2.43

2.47

0.30

0.34

Lake Pontchartrain

4.35

4.68

4.67

0.35

0.33

Terrebonne

1.61

1.93

1.95

0.39

0.41

Barataria

1.49

1.75

1.81

0.44

0.48

Calcasieu-Mermentau

2.48

2.88

2.94

0.45

0.52

Lake Maurepas

2.73

3.29

3.35

0.59

0.65

Pearl

4.67

5.31

5.30

0.69

0.69

presents stark implications of the past and future evolution of the coastal Louisiana landscape. Mean maximum of maximum (MOM) water surface elevations differences correlate
with changes in Louisiana coastal landscape. Minimal differences existed between 1850
and 1890. By 1930, storm surge propagates further inland due to the loss of coastal forests
and excavation of the Wax Lake Outlet. Between 1930 and 2010, a smaller change of 0.26
m in MOM water surface elevations occurs within Atchafalaya-Vermilion while changes of
0.34 m and 0.41 m occur across Terrebonne and Barataria, respectively, which corresponds
with the emergence of the Wax Lake-Atchafalaya Deltas within Atchafalaya-Vermilion and
wetland loss in Terrebonne and Barataria. Mean MOM water surface elevations quantify
the near uniform drowning of all three coastal basins between 2010 and 2110 via differences of 0.67 m, 0.55 m, and 0.75 m for Atchafalaya-Vermilion, Terrebonne and Barataria,
respectively.
This analysis also confirms findings of past studies that suggest change in surge heights
is non-linear with GMSL rise (Atkinson et al., 2013; Bilskie et al., 2016; Wamsley et al.,
2010; Smith et al., 2010). For example, for mesh years 2010 through 2110, the Louisiana
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Table 4.8. Sub-watershed statistics per coastal basin. Mean sub-watershed values calculated for MOM water surface elevation difference 10 m x 10 m rasters. 1890 storm surge
model with Gulf of Mexico (GOM) initial water level of 0.03 m, NAVD88 (Model 2, Table
4.1). 2010 storm surge model with GOM initial water level of 0.23 m, NAVD88 (Model 6,
Table 4.1). 2010 storm surge model with GOM initial water level of 0.23 m, NAVD88 and
1890 wooded areas (Model 12, Table 4.1).
Sub-watershed
Statistics per
Coastal Basin
Mean
Median
Stand. Dev.
Range
Minimum
Maximum
Count
Mean
Median
Stand. Dev.
Range
Minimum
Maximum
Count
Mean
Median
Stand. Dev.
Range
Minimum
Maximum
Count

MOM Water Surface Elevation Difference (m)
2010-1890 (Model 12-2) 2010-1890 (Model 6-2)
(Fig. 4.12a)
(Fig. 4.12b)
Atchafalaya-Vermilion
0.36
0.41
0.37
0.42
0.26
0.30
1.86
2.09
-0.06
-0.08
1.80
2.01
55
55
Terrebonne
0.42
0.48
0.41
0.36
0.27
0.36
1.36
1.83
-0.19
-0.21
1.17
1.62
54
54
Barataria
0.45
0.56
0.37
0.52
0.28
0.35
1.26
1.53
-0.02
-0.10
1.25
1.43
55
55
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coastal landscape surrounding Lake Pontchartrain (Figure 4.1a) is unaltered. However,
the increase in mean maximum of maximums (MOM) water surface elevations within Lake
Maurepas coastal basin sub-watersheds range 0.95-1.25 m from 2010 to 2110 while GMSL
rise simulated during this period is only 0.51 m (Figure 4.7d). The projected future increase in mean MOM water surface elevations within Lake Pontchartrain demonstrates the
importance of the Biloxi Marsh and east Lake Pontchartrain land bridge in minimizing
surge levels within the lake. Due to the counter-clockwise rotation of hurricanes, storm
surge enters Lake Pontchartrain with less resistance as these two natural surge barriers
deteriorate.
From 1850 to 2110 many areas along the coast convert from wetland to open water
(Figure 4.9e). Hurricane Rita inundation time results further demonstrate the impact
of this coastal basin-scale conversion. The Rita simulation is 7 days in length while the
impact duration of this storm surge event along the Louisiana coast lasts approximately
3 days. Inundation time differences across the coast between 1850 and 2110 are over 4
days, indicating conversion to open water in these areas. Furthermore, inundation time
increases further inland as time progresses. The ongoing changes in the configuration of
the Louisiana coastal landscape (Figures B.1, B.2 and B.3) will have major implications
for the future of ecology along the Louisiana coast as fresh coastal wetlands continue to be
exposed to salt water.
Changes in maximum significant wave heights are also non-linear with greater differences occurring further inland in 2110 compared to 1850 (Figure 4.11e). As interior
wetlands between barrier islands and cities such as Houma continue to become more fragmented and deteriorate, waves propagate further inland until reaching resistance such as
higher land or flood defenses. Because current flood defenses (levees, etc.) along the
Louisiana coast are not designed for constant wave attack, future subsidence and GMSL
rise will have major implications on flood protection. More robust and, therefore costlier,
storm surge defenses will be required to maintain current levels of flood risk through 2110.
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The sensitivity analysis indicates the impact of coastal deforestation is minimal on
a coastal basin scale. However, the effects are apparent on the smaller sub-watershed
scale. Historically, coastal forests extended south to Barataria Bay and surrounded the
Lafitte area in 1890 (Figure 4.3). The presence of the 1890 coastal forests in the 2010
storm surge model reduces surge heights north of the Intracoastal Waterway (ICWW) in
the Barataria coastal basin by up to 0.50 m while surge heights are higher south of the
1890 coastal forests by up to 0.10 m in multiple sub-watersheds (Figure 4.12a). Therefore,
this study demonstrates coastal forests reduce surge locally on the leeward side of storm
surge propagation and increase surge heights on the seaward side. However, removal of
coastal forests redistributes surge within a coastal basin, and basin averaged surge results
are comparable for both scenarios (Table 4.7).
Future drowning of the Louisiana coastal landscape has major implications for similar
deltas across the world, especially the Ganges, Irrawaddy, Magdalena, Mekong, Niger and
Tigris, which are subsiding faster than global mean sea level is rising. As previously noted,
the Ganges and Mississippi Deltas feature similar areas less than 2 m above sea level,
areas historically impacted by storm surge and relative sea level rise rates (Syvitski et al.,
2009). Louisiana coastal area lost over the next 100 years leads to nonlinear increases in
inland surge heights relative to GMSL rise. The Ganges and other similarly sinking deltas
susceptible to storm surge will also likely be impacted by higher inland surge heights. In
addition, deltas recently no longer aggrading greater than relative sea-level rise such as
the Brahmani, Godavari, Indus and Mahanadi (Syvitski et al., 2009) will also face similar
challenges of the Mississippi Delta but on a longer timescale.
4.6

Conclusions
In this analysis, comparable representations of the Louisiana coastal landscape are de-

veloped for mesh years 1850, 1890, 1930, 1970, 1990, 2010, 2030, 2050, 2070, 2090 and 2110
via historical maps for past landscapes. Projections of future landscapes are based on recent
trends in landscape change and are comparable to previous studies (Barras et al., 2003;
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Blum and Roberts, 2009; Coastal Protection and Restoration Authority, 2017; Dunbar
et al., 1992; Gagliano et al., 1970; Louisiana Coastal Wetlands Conservation and Restoration Task Force, 1993). The same suite of historical hurricane wind and pressure fields
is simulated with waves for each mesh year for comparable results. Surge output is averaged across hydrologic coastal basins and smaller sub-watersheds to better understand
surge evolution. A sensitivity analysis is also conducted to quantify the impact of historical
coastal deforestation.
From 1930 to 2010, mean maximum water surface elevations within the sedimentstarved Terrebonne and Barataria coastal basins are multiples of 1.3 and 1.6 greater than
those of sediment abundant Atchafalaya-Vermilion. However, from 2010 to 2110 differences
in mean maximum water surface elevations across Atchafalaya-Vermilion, Terrebonne and
Barataria are 0.67 m, 0.55 m, and 0.75 m, respectively, revealing little future distinction
among these three coastal basins. Inundation time and mean maximum significant wave
heights also indicate little differentiation among these coastal basins from 2010 to 2110. By
2110 increases in inland surge heights are double the applied sea level rise along the shore
of Lake Pontchartrain indicating a nonlinear relationship between storm surge and GSML
rise. Additionally, the presence of coastal forests is demonstrated to decrease surge heights
on the leeward side of the forests and increase surge heights on the seaward side compared
to if there were no coastal forests in the same area. However, minimal surge changes occur
on the larger coastal basin scale following the removal of coastal forests because surge is
redistributed within the coastal basin.
Throughout the 21st century the Mississippi Delta will experience extensive drowning
due to a rate of relative sea level rise that is substantially greater than the rate of aggradation. In contrast, historical changes in the Louisiana coastal landscape resulted from local
anthropogenic influences such as changes in Mississippi River management. The results
of this analysis have major implications for similar deltas across the world. As the rate
of annual relative sea level rise increases, deltas susceptible to storm surge will experience
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increased inland surge heights to the detriment of local inhabitants and ecosystems. However, establishing recent landscape and storm surge evolution trends of a major coastal
delta and projecting these trends beyond 50 years into the future could aide policy makers
as they work to enhance resilience across the delta.
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Chapter 5
Quantifying Storm Surge and Risk Reduction Costs: A Case
Study for Lafitte, Louisiana
5.1

Introduction
Recent increased flood risk in Louisiana coastal communities resulted from, among

other factors, wetland loss due to changes in Mississippi River management (Boesch et al.,
1994; Louisiana Coastal Wetlands Conservation and Restoration Task Force, 1993; Twilley
et al., 2008, 2016), (Chapter 3). A widely adopted concept of flood risk is the probability of
flooding multiplied by the consequence of flooding (Jonkman et al., 2003; Vrijling, 2001).
To maintain the same level of flood risk, the probability of flooding must decrease as
the consequence of flooding increases (i.e. increased flood damage costs due to a larger
population and greater economic development in a flood prone area) (Filatova et al., 2011;
Nicholls et al., 2007). The probability of flooding can increase from wetland loss, relative
sea level rise, an increase in the frequency of hurricane landfalls, and/or increase in storm
intensity (Bilskie et al., 2019; Fischbach et al., 2017; Irish et al., 2013; Needham and Keim,
2012, 2014; Twilley et al., 2016), (Chapter 3). Investments in flood defenses such as dikes
(levees), dunes, floodgates and wetland restoration must be made to reduce the probability
of flooding, and therefore flood risk (Jonkman et al., 2009).
Flood risk reduction due to wetlands has been quantified as a component of wetland
ecosystem services. An estimate of the wetland ecosystem service of hurricane storm surge
protection along the Louisiana coast was approximately $1,700/(ha*year) (2004 USD) when
considering wetland area, GDP, and historical hurricane tracks. The storm surge protection value of hectares of wetland lost by the 2005 hurricane season was approximately $29.4
billion (Costanza et al., 2008). A more recent and extensive study estimated Mississippi
River Delta wetlands annually generate $12 to $47 billion in “goods and ecosystem services” for a minimum asset value of $330 billion to $1.3 trillion over a 100 year period
(3.5% discount rate) (2007 USD) (Batker et al., 2010). “Goods and ecosystem services”
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Figure 5.1. 2015 and 2016 satellite images. a) Location of 40% L:W isopleths for 1932
(green), 1973 (yellow), 1990 (orange) and 2010 (red), and hydrologic unit code 6 (HUC6)
coastal basins (purple). b) Hurricane and flood risk reduction projects and studies (U.S.
Army Corps of Engineers, 2013). c) Proposed 2012 CPRA Lafitte ring levee (Coastal
Protection and Restoration Authority, 2012). d) Existing levees constructed in Lafitte
area as of 2015 (yellow).
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included hurricane and flood protection, water supply, water quality, recreation and fisheries. Investing nothing in ecosystem services leads to losses of $41 billion (3.5% discount
rate) not including losses from levee failures, disrupted shipping, or disrupted oil and gas
flow. Restoring the Mississippi River Delta via managed diversions of the Mississippi River
avoids the $41 billion loss and adds $21 billion (3.5% discount rate) in economic value not
including benefits from added levee protection, fewer displaced residents, lower recovery
costs, lower national oil and gas prices and an overall expanding south Louisiana economy
(Batker et al., 2010). Additional studies also examined the flood risk reduction component
of ecosystem services (Barbier et al., 2013, 2011; Spalding et al., 2014). The purpose of
this case study was to connect historical and future wetland loss with historical and future
cost increases for one coastal Louisiana community.
The communities of Lafitte, Louisiana are located within the Barataria coastal basin
(Figure 5.1a,b). Wetlands in this area provide resistance to and reduce storm surge heights
before surge interacts with levees (Siverd et al., 2018), (Chapter 3). Established in 1730, the
communities of Lafitte historically did not require flood defenses due to the surge reducing
wetlands between Lafitte and the Gulf of Mexico (GOM) (The Town of Jean Lafitte, 2018).
However, riverine sediment deposition was substantially reduced in the Barataria coastal
basin following the damming of Bayou Lafourche at Donaldsonville in 1906 (Figure 5.1b)
(Morgan, 1979). As a result, wetlands south of Lafitte subsided and converted from coastal
zone high in 1930 to intermediate in 1970 and 1990 and to submersed (i.e. open water) in
2010 (Chapter 3). From 2010 to 2110, wetlands south of Lafitte continue to convert to open
water (Figure 5.2), (Chapter 4). By 2010, the inland migration of the GOM in the Barataria
coastal basin south of Lafitte led to higher storm surge and wave heights near Lafitte and
therefore, greater flood risk. Because inland migration of the GOM and increased flood risk
are connected, a metric was established to describe this relationship (e.g. increase in flood
defense costs per kilometer of inland migration of the GOM). The ability to measure inland
migration of the GOM is possible via land to water (L:W) isopleths, lines indicating areas
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Figure 5.2. Topo-bathymetric landscapes with respect to NAVD88 in the Barataria coastal
basin for 1930, 1970, 1990, 2010, 2030, 2050, 2070, 2090 and 2110.
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of constant percentage of land versus water across coastal Louisiana (Figure 5.1) (Gagliano
et al., 1970; Siverd et al., 2018; Twilley et al., 2016), (Chapter 3). From 1932 to 2010 the
40% L:W isopleth, the interface of marsh and water, migrated approximately 8.6 km inland
within the Barataria coastal basin.
Resilience can be defined as “the ability to prepare and plan for, absorb, recover from,
or more successfully adapt to actual or potential adverse events” and refers to all measures
a community takes to reduce the impact of storm surge events (National Research Council, 2012). The goal of this analysis was to demonstrate an approach to partially assess
the resilience of a coastal community by quantifying the historical change in storm surge
heights and associated flood defense costs per person per kilometer inland migration of the
GOM. The four historic communities of Crown Point, Barataria, Jean Lafitte and Lafitte
(collectively called “Lafitte” in this analysis) provided a compelling case study because
these rural, culturally significant communities are located near the GOM, lost substantial
wetland acreage between them and the GOM and were never encircled by flood defenses
capable of resisting storm surge from a major hurricane. Probability of flooding was fixed
in this analysis from 1930 to 2110 by applying the same suite of hurricanes to all eras.
Storm surge model meshes were constructed and feature representations of the Louisiana
coastal landscape circa 1930, 1970, 1990, 2010, 2030, 2050, 2070, 2090 and 2110 (Figure
5.2). Coastal flooding from 14 hurricanes was simulated, and storm surge water surface
elevations were output for each mesh year. These water levels were used to approximate
levee heights and lengths. Lafitte levee construction costs were then calculated per person
per kilometer of inland migration of the GOM from 1930 to 2010 and from 1970 to 2010
to demonstrate the evolution of costs to implement flood defenses.
5.2

Case study application: Lafitte, Louisiana

5.2.1

Study area

The study area was the Barataria coastal basin bound by the Bayou Lafourche ridge
to the west, west bank of the Mississippi River to the north and east, and Barataria Bay
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to the south (Figure 5.1b). The focus of this case study was the rural coastal communities
of Crown Point, Barataria, Jean Lafitte and Lafitte (collectively called “Lafitte” in this
paper) located on Bayou Barataria within the Barataria coastal basin (Figure 5.1). These
four culturally significant communities were established on the natural levees of Bayou
Barataria similarly as New Orleans first developed on the natural levee of the Mississippi
River (Rogers, 2008). They collectively had a 2010 population of approximately 4,734,
an average elevation of 1.0 m above mean sea level (MSL) and are prone to flooding
from high tides, tropical storms and hurricanes (Sack and Schwartz, 2018; The Town of
Jean Lafitte, 2018; U.S. Census Bureau, 2016; U.S. Geological Survey, 2018). A plan to
construct a 4.9 m high ring levee around the four communities of Lafitte was included in the
2012 Louisiana Coastal Masterplan (Coastal Protection and Restoration Authority, 2012)
(Figure 5.1c) but was discarded before publishing of the 2017 Louisiana Coastal Masterplan
due to unfavorable results of a benefit-cost analysis (Coastal Protection and Restoration
Authority, 2017; Schleifstein, 2012).
5.3

Methods

5.3.1

Historical hydrodynamic model development

The storm surge model developed for the Louisiana Coastal Protection and Restoration
Authority of Louisiana (CPRA)’s 2017 Coastal Master Plan (CPRA2017) was utilized in
this analysis (Fischbach et al., 2017). The unstructured CPRA2017 storm surge model mesh
was applied as a base mesh for the development of comparable storm surge model meshes
for the years circa 1930, 1970, 1990, 2010, 2030, 2050, 2070, 2090 and 2110 (Chapters 3 and
4) . This CPRA2017 base mesh comprises approximately 1.4 million nodes and 2.7 million
elements which characterized the western north Atlantic Ocean west of the 60◦ W meridian,
Caribbean Sea, and GOM. With 93% of nodes placed between Mobile Bay, Alabama and the
Bolivar Peninsula, Texas the base mesh emphasized the northern GOM. Wind, pressure and
wave forcings were simulated while tides and Mississippi River discharges were not included.
For historical eras, tidal phasing and river discharge assumptions would be required and
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add complexity to the overall analysis while future tidal phasing and river discharges were
not known. An additional approximate 0.31 m was included in the levee freeboard height
calculation to account for the uncertainty from the Louisiana micro tidal regime (National
Oceanic and Atmospheric Administration, 2018).
The construction of manmade navigation canals, weirs and levees began before 1930,
continued after 1930 and through 2010 in the coastal basins south and west of the Mississippi River. To construct comparable meshes for the years 1930, 1970, 1990, 2010, 2030,
2050, 2070, 2090 and 2110, and to focus on changes in morphology, all weirs and levees
were removed from the CPRA2017 base mesh in this area (Siverd et al., 2018). Lafitte case
study results were unaffected by levee omission due to the non-existence of major storm
surge reducing levees in this area from 1930 to 2010. Mesh resolution was also increased
seaward of the modern (2017) barrier islands to accurately describe barrier islands in southeast Louisiana for 1930, 1970, 1990 and 2010. This modified CPRA2017 storm surge model
mesh is called the “detailed” storm surge model mesh through the remainder of this paper.
The coupled ADvanced CIRCulation two-dimensional depth integrated (ADCIRC2DDI) code (Luettich et al., 1992) and the third-generation wave model, Simulating WAves
Nearshore (SWAN) (Booij et al., 1999; Dietrich et al., 2011c; Zijlema, 2010) was employed
to simulate storm surge and wind-waves along the Louisiana coast. For this case study,
the 1990 historical storm surge model mesh was constructed while the 1930, 1970, 2010,
2030, 2050, 2070, 2090 and 2110 meshes were previously developed (Chapters 3 and 4) .
Each mesh featured comparable simplified representations of the Louisiana coastal landscape circa 1930, 1970, 1990, 2010, 2030, 2050, 2070, 2090 and 2110 respectively. Coastal
zones were established for each year between the ICWW and GOM with the extent of
each zone determined by the position of the 90%, 40% and 1% L:W isopleths, which were
lines indicating areas of constant percentage of land vs. water across coastal Louisiana
(Siverd et al., 2018). Coastal zones were assigned one value for elevation (with respect to
NAVD88): high (0.47 m), intermediate (0.27 m) and submersed (-0.98 m) and Manning’s n
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bottom roughness: high (0.070), intermediate (0.045) and submersed (0.025). In addition,
GOM water levels were set for each storm surge model via a constant global mean sea level
(GMSL) rise rate of 2 mm/year from 1930 to 2010 (Church et al., 2013) and an average
5.1 mm/year of the Intermediate-Low scenario of (Sweet et al., 2017) for 2010 to 2110. A
constant sea level rise was applied for historical eras to reduce complexity. Conservative
values were applied for future GMSL rise to demonstrate conservative changes in Lafitte
levee implementation costs. To include the seasonal variation, the GOM water level was
initially set to 0.23 m above NAVD88 for 2010 (U.S. Army Corps of Engineers, 2008). The
GOM water level was determined by decreasing the 2010 water levels for historical eras
and increasing the 2010 water level for future eras. Therefore, the GOM sea surface was
0.07 m, 0.15 m, 0.19 m, 0.23 m, 0.32 m, 0.43 m, 0.54 m, 0.64 m and 0.74 m above NAVD88
for 1930, 1970, 1990, 2010, 2030, 2050, 2070, 2090 and 2110 respectively.
5.3.2

1990 storm surge model mesh

L:W isopleths derived for the year 1990 were applied to the detailed storm surge model
mesh. Isopleths extended from Lake Sabine to the Pearl River. Therefore, coastal zones
were implemented across the entire Louisiana coast south of the ICWW. U.S. Geological
Survey (USGS) quad sheets constructed from aerial photography data collected 1989-1998
(1:24,000) and 1983-1985 (1:100,000) were utilized to input ridges, historical river mouths
and barrier islands. The intermediate coastal zone average elevation of 0.27 m NAVD88
and Manning’s n bottom roughness value of 0.045 were assigned to all barrier islands except
the ridge of Grand Isle, which was assigned an average elevation of 1.0 m NAVD88 and
Manning’s n of 0.100. Near Houma, ridges were assigned the historical ridge elevation value
of 1.0 m NAVD88 and Manning’s n value of 0.100. Where elevations were greater than
1.0 m, ridges were inserted as they existed in the detailed storm surge model mesh. The
Intracoastal Waterway (ICWW) was unaltered for all nine mesh years due to being fully
constructed by the end of the 1930s. The Mermentau River mouth was inserted according
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to 1983 1:100,000 USGS quad sheet data. The Wax Lake and Atchafalaya Deltas were
input according to the 1990 L:W isopleths.
5.3.3

1930, 1970, 2010 storm surge model meshes

The 1930, 1970, and 2010 storm surge model meshes were developed with a very similar
methodology as the 1990 storm surge model mesh. L:W isopleths (1%, 40%, 90%) were
derived for 1932, 1973 and 2010 (Figure 5.1a) and applied to the detailed model mesh
from Lake Sabine to the Pearl River. USGS quad sheets and/or National Oceanic and
Atmospheric Administration (NOAA) T-sheets were utilized to input barrier islands, ridges
and navigation waterways as they existed in each mesh year. For more details see Chapter
3.
5.3.4

2030, 2050, 2070, 2090 and 2110 storm surge models

A trend was identified in inland L:W isopleth migration from 1973 to 2010. The land
to water ratio decreased by approximately 10% every 20 years in a given area south of
the ICWW. Specifically, the location of the 1973 40% L:W isopleth corresponded with the
2010 20% L:W isopleth and the 1990 40% L:W isopleth corresponded with the 2010 30%
L:W isopleth. This trend was extrapolated into the future utilizing the 2010 L:W isopleths:
2010 50% = 2030 40%; 2010 60% = 2050 40%; 2010 70% = 2070 40%, 2010 80% = 2090
40% and 2010 90% = 2110 40%. Similarly: 2010 99% = 2030 90%. Because the state
of Louisiana has committed to maintaining barrier islands, the 2010 barrier islands were
unchanged through 2110. For more details see Chapter 4.
5.3.5

Storm surge model simulations

Meteorological wind and pressure fields developed from 14 historical hurricanes were
utilized to execute simulations with all nine storm surge models (Cox et al., 1995; Powell
et al., 1998). The 14 hurricanes included: Isaac (2012), Gustav (2008), Ike (2008), Dennis
(2005), Katrina (2005), Rita (2005), Ivan (2004), Georges (1998), Earl (1998), Opal (1995),
Andrew (1992), Kate (1985), Elena (1985), and Agnes (1972). Each of these 14 hurricanes
reached a Category 1 status while in the GOM and made landfall between Galveston and
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Apalachicola Bay. Actual historical hurricanes were applied to discover which historical
hurricane contributed the highest water surface elevations for all eras from 1930 to 2110
in the Lafitte area and to design historical and future flood defenses in terms of this one
storm. Designing flood defenses to resist storm surge from a singular historical hurricane
provided greater perspective of the evolution of costs for community residents. Simulation output included (per mesh node): maximum water surface elevation, inundation time,
current velocity, and wave statistics (Dietrich et al., 2011c). Per node maximum of maximums (MOM) water surface elevation was computed from the simulation output of all 14
hurricanes.
5.3.6

Dike (levee) design height and cost methods

Vertical height and horizontal length were used to calculate a rough estimate of dike
(levee) costs for each storm surge model mesh year from 1930 to 2110 (Siverd et al., 2014;
van der Toorn, 2010). A past levee ring design by the Coastal Protection and Restoration
Authority (2012) (Figure 5.1c) was utilized to obtain a cost factor per vertical meter and
per linear meter (m2 ). The purpose of this analysis was to calculate an approximate cost per
person to protect Lafitte from flooding for each mesh year and to quantify the increase in
cost per kilometer inland migration of the GOM. To calculate the cost factor, the estimated
total cost of the ring levee, including nine floodgates, around Lafitte for hurricane storm
surge risk reduction (USD 870 million) was divided by the approximate horizontal length
(47,548 m) and vertical height (4.88 m) to yield an approximate factor of USD $3752.00/m2 .
The costs to manufacture and install floodgates per m2 was greater than the cost to install
earthen levees per m2 (Siverd et al., 2014; van der Toorn, 2010). However, due to the
considerably greater length of levees (47,548 m) than floodgates (209 m), floodgate costs
were assumed to have only minimal influence on the cost factor. This assumption resulted
in a conservative cost factor for 1930, 1970 and 1990 because only low grass levees were
constructed during these eras.
The cost per person for each mesh year was based on population of all four communities
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from census data: 1,850 (1930), 3,838 (1970), 4,791 (1990) and 4,734 (2010-2110) (U.S.
Census Bureau, 2018). The 1930 estimate was derived from 1930 census data of ward 6 of
Jefferson Parish with the population of Grand Isle subtracted. Decennial population data
from 1980 to 2010 for Barataria, Jean Lafitte, and Lafitte was provided by the U.S. Census
Bureau (2018). The 1970 collective population of these three communities was estimated
by assuming the same growth rate as that of the entire ward from 1970 to 1980. For
Crown Point, the 2010 estimated population was the product of the number of households
(250) that would be protected and the 2014 Jean Lafitte average household number (3)
(Center for Planning Excellence, 2014). For 1970 and 1990, the Crown Point population
was assumed the same percentage of the total as that of 2010. The 2010 population was
assumed for 2030, 2050, 2070, 2090 and 2110 for all four communities to reduce complexity.
The cost per person was approximately USD $183,800 for storm surge model mesh
year 2010. To calculate this cost per person for 1930, 1970, 1990, 2030, 2050, 2070, 2090
and 2110, levee height and length were calculated for each mesh year. The two central
components to calculating vertical levee height were the design water surface elevation and
the wave run-up (van der Meer et al., 2016; Vrijling et al., 2011). In this case study, the
water surface elevations and maximum significant wave heights were derived from storm
surge simulation output. Wave run-up was calculated from Ru2% in van der Meer et al.
(2016) (Equations 5.1 and 5.2).

Ru2% = 1.65 · γb · γf · γβ · ξm−1,0 · Hm0

(5.1)

1.5
) · Hm0
Ru2%max = 1.0 · γb · γf · (4 − p
γb · ξm−1,0

(5.2)

Where: γb is the berm influence factor, γf is the roughness factor, γβ is the angle of
incidence factor, ξm−1,0 is the breaker parameter and Hm0 is the wave height at the toe of
the structure (van der Meer et al., 2016).
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Assumptions included the following: Average maximum of maximums (MOM) water
surface elevations were calculated across the Bayou Barataria natural levee to obtain an
approximate average levee design height and cost. The MOM water surface elevations for
each era were assumed the average between the higher water surface elevations near south
Lafitte and lower water surface elevations near Crown Point to calculate an average MOM
water surface elevation for all four communities. For van der Meer et al. (2016), maximum
values were assumed for the berm, roughness and angle of incidence factors (1) as well as
the breaker parameter (4) to reduce complexity and yield conservative levee heights. For
mesh years 1930, 1970 and 1990, the required levee length was assumed be the same that
was already constructed in this area (14,500 m) (Figure 5.1d). Waves were assumed only to
impact the back levees and were not generated within Bayou Barataria. Therefore, flooding
from Bayou Barataria bank overtopping was assumed to not occur in 1930, 1970 or 1990
because water surface elevations was on average at or below the natural levee elevation
for these mesh years. Lastly, all levees were assumed not to breach at the water surface
elevations of this analysis.
5.4

Results

5.4.1

Mean maximum water surface elevations and significant wave heights

The maximum of maximums (MOM) water surface elevations and MOM significant
wave heights were calculated via maximum water surface elevations and significant wave
heights simulation output, respectively, from all 14 hurricanes. The dominant hurricane
storm surge in Lafitte for all nine storm surge model mesh years was generated by Isaac
(navy blue, Figure 5.3). Near Lafitte, for mesh year 1930, storm surge MOM water surface
elevations were between 0 and 1 m (Chapter 3). For 1970 and 1990, MOM water surface
elevations were between 0 and 2 m. For 2010, MOM water surface elevations rose to between
1.0 and 2.5 m. MOM significant wave heights averaged approximately 0.2 m (1930), 0.5 m
(1970), 0.6 m (1990), 0.9 m (2010) (arrow, Figure 5.4) and 1.1 m (2030), 1.2 m (2050), 1.3
m (2070), 1.4 m (2090), 1.5 m (2110) (arrow, Figure 5.5).
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For a better representation of the MOM water surface elevations, a transect (Figure
5.1c) of simulation results across Jean Lafitte was taken for all storm surge model mesh years
(1930, 1970, 1990, 2010, 2030, 2050, 2070, 2090 and 2110) and averages were calculated
(box Figure 5.6a; Table 5.1, row 1). Results demonstrated areas located on the Bayou
Barataria natural levee did not flood in 1930 or 1970 mesh years. Jean Laffite began to
flood in 1990 and experienced an approximate 0.5 m flood depth in 2010. Actual Hurricane
Isaac flood depths similar to 2010 MOM water surface elevations were observed in Jean
Lafitte and recorded by the National Hurricane Center (Berg, 2013).
5.4.2

Lafitte levee design and cost calculation 1930-2110

To calculate wave run-up, van der Meer et al. (2016) (Equations 5.1 and 5.2) was
utilized for gentle, impenetrable slopes. Because the maximum values for the factors were
assumed, the Ru2%max formula yielded a lower wave run-up than Ru2% . Therefore, Ru2%max
was used to calculate levee design height. For freeboard, 0.31 m in additional levee height
was assumed for each storm surge model mesh year to account for uncertainty in the
historical and future tidal regime (Table 5.1). The previously determined cost factor of
USD $3752.00/m2 (Coastal Protection and Restoration Authority, 2012) was multiplied
by the levee design height including freeboard and the levee length to calculate total levee
costs. Costs per person were calculated by dividing the total cost for each mesh year by
the protected population (Table 5.1).
Rough estimates of Lafitte flood defense costs for each mesh year were (2010 USD):
$91.7 million (1930), $158.8 million (1970), $179.8 million (1990), $859.9 million (2010),
$1,059 million (2030), $1,173 million (2050), $1,278 million (2070), $1,374 million (2090)
and $1,467 million (2110) (Table 5.1). For populations of: 1,850 (1930), 3,838 (1970), 4,791
(1990) and 4,734 (2010-2110), costs per person were approximately (2010 USD/person):
$49,500 (1930), $41,400 (1970), $37,500 (1990), $181,600 (2010), $223,600 (2030), $247,800
(2050), $269,900 (2070), $290,100 (2090) and $309,800 (2110).
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Figure 5.3. Areas where storm surge from each of the 14 hurricanes simulated dominated. Isaac (navy blue, center) water surface elevations were the highest in the study
area (Barataria HUC6 coastal basin) and Lake Pontchartrain. Katrina (red) water surface
elevations dominate east and south of the Mississippi River. Andrew (yellow) dominated
south of Houma. Rita (pink) water surface elevations dominated south of Morgan City and
the Wax Lake-Atchafalaya Deltas.
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Figure 5.4. Maximum of maximums (MOM) significant wave heights (m, NAVD88) computed from all 14 historical hurricanes for: a) 1930, b) 1970, c) 1990, d) 2010. HUC6 basins
(bold lines) and HUC12 sub-watersheds (gray lines) included for spatial reference. GMSL
rise of 2 mm/year 1930-2010 included. Purple line is the Intracoastal Waterway (ICWW)
and northern most boundary of the study area. Arrow points to intersection of ICWW and
Bayou Barataria and the communities of Barataria and Jean Lafitte.
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Figure 5.5. Maximum of maximums (MOM) significant wave heights (m, NAVD88) computed from all 14 historical hurricanes for: e) 2030, f) 2050, g) 2070, h) 2090, i) 2110. HUC6
basins (bold lines) and HUC12 sub-watersheds (gray lines) included for spatial reference.
GMSL rise of 2 mm/year 1930-2010 included. Purple line is the Intracoastal Waterway
(ICWW) and northern most boundary of the study area. Arrow points to intersection of
ICWW and Bayou Barataria and the communities of Barataria and Jean Lafitte.
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Figure 5.6. Elevation (solid lines, NAVD88) and maximum of maximums (MOM) water
surface elevations (dashed lines) from A to A’ Figure 5.1 for storm surge model mesh years
1930, 1970, 1990, 2010, 2030, 2050, 2070, 2090, 2110. b) mean non-zero MOM water
surface elevations from blue box (a). Gray boxes: average cost per person in 2010 USD
for protection from Hurricane Isaac storm surge for each storm surge model mesh year
1930-2110. GMSL rise of 2 mm/year 1930-2010 and GMSL rise of 5.1 mm/yr included.
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Table 5.1. Levee design and approximate cost calculations to resist storm surge water surface elevations (WSE) if Hurricane
Isaac were to make landfall for Lafitte, Louisiana 1930, 1970, 1990, 2010, 2030, 2050, 2070, 2090 and 2110.

WSE (h, m) (from Fig. 5.6)
Hm0 (m) (from Fig. 5.4 and Fig. 5.5)
γb
γf
γβ
ξm−1,0
Ru2% (m)
Ru2%max (m)
levee height (m)
Rc (freeboard, m)
levee length (km)
total cost (2010 million USD)
protected population
cost per person (2010 USD)

1930
1970
1990
2010
2030
2050
2070
2090
2110
0.73
0.99
1.05
1.59
2.05
2.37
2.63
2.84
3.04
0.2
0.5
0.6
0.9
1.1
1.2
1.3
1.4
1.5
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
4
4
4
4
4
4
4
4
4
1.32
3.30
3.96
5.94
7.26
7.92
8.58
9.24
9.90
0.65
1.63
1.95
2.93
3.58
3.90
4.23
4.55
4.88
1.38
2.62
3.00
4.52
5.63
6.27
6.86
7.39
7.92
1.68
2.92
3.30
4.82
5.93
6.57
7.16
7.70
8.22
14.50 14.50 14.50
47.55
47.55
47.55
47.55
47.55
47.55
91.7 158.8 179.8
859.9
1,059
1,173
1,278
1,374
1,467
1,850 3,838 4,791
4,734
4,734
4,734
4,734
4,734
4,734
49,546 41,388 37,528 181,633 223,644 247,764 269,890 290,141 309,792
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The progressively larger population from 1930 to 1990 had greater influence on the costs
per person metric than the progressively rising water surface elevations and, therefore, levee
height causing the costs per person to decrease from 1930 to 1990. Notably, if the protected
population was a constant 7,000, for example, from 1930 to 2010, costs per person would
have been (2010 USD/person): $13,100 (1930), $22,700 (1970), $25,700 (1990) and $122,800
(2010).
From 1932 to 2010 the GOM migrated 8.6 km toward Lafitte within the Barataria
coastal basin with 7.4 km of the inland migration occurring from 1973 to 2010. From
storm surge model mesh year 1930 to 2010 flood defense costs increased approximately
(2010 USD) $89.3 million per kilometer of GOM inland migration. And, from 1970 to 2010
costs increased (2010 USD) $94.7 million per kilometer of GOM inland migration. When
accounting for population change from 1930 to 2010, Lafitte flood protection costs increased
approximately (2010 USD) $15,000 per person per kilometer inland migration of the GOM.
From 1970 to 2010, the increase in Lafitte flood defense costs rose to approximately (2010
USD) $19,000 per person per kilometer inland migration of the GOM.
The total cost to construct the New Orleans hurricane storm damage and risk reduction system (HSDRRS) (Figure 5.1b) was (2010 USD) $14.6 billion. The 2010 HSDRRS
protected population was 924,000 (U.S. Army Corps of Engineers, 2009, 2018a,b). Though
overall more expensive, HSDRRS costs were USD $15,800 per person (versus USD $181,600
per person for Lafitte) due to a greater density of protected urban New Orleans area residents. Neither the initial (Morganza to the GOM I) nor the subsequently modified (Morganza to the GOM II) versions of the Morganza to the Gulf of Mexico Hurricane Protection
Project (Figure 5.1b) were included in this analysis due to recent changes in costs, ongoing construction and protection of both urban and rural areas from flooding (U.S. Army
Corps of Engineers, 2013). The Donaldsonville to the Gulf of Mexico project was also not
included in this analysis due to its recent suspension (Schleifstein, 2012).
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5.5

Discussion
The four coastal communities of Lafitte are located on the west side of the Mississippi

River levees approximately 58-60 km inland from Grand Isle and 37 km from the 1930
north shore of Barataria Bay. This area was therefore historically protected from hurricane
storm surge and waves. The counter-clockwise rotation of hurricanes resulted in higher
water surface elevations on the Gulf of Mexico (GOM) side of the Mississippi River east
bank levee. The collective population of these four communities increased 1930 to 1970
from 1,850 to 3,838 (107% increase) and 1970 to 2010 from 3,838 to 4,734 (23% increase).
In addition, 7.4 km of the 8.6 km 1932 to 2010 GOM inland migration occurred from 1973
to 2010. Therefore, the increase in Lafitte flood defense costs from 1970 to 2010 (2010
USD) of $19,000 per person per kilometer inland migration of the GOM was calculated via
a fixed probability of flooding through the dominance of Hurricane Isaac in this area for all
storm surge model mesh years, near constant population and constant rate of global mean
sea level (GMSL) rise. Changes in Isaac inland storm surge were isolated and quantified
by keeping the population near constant and GMSL rise constant.
The four coastal communities of Lafitte provided a compelling case study which demonstrated the impact of wetland loss and ocean inland migration on storm surge for a historically unprotected coastal community. Proximity to the GOM and constant vulnerability to
storm surges from 1930 to 2010 allowed for a theoretical design of historical flood defenses
for Lafitte for each storm surge model mesh year. From 1930 to 2010 a constant global
mean sea level (GMSL) rise of 2 mm/year was applied to reduce analysis complexity and to
provide conservative estimates of historical water surface elevations. The future GMSL rise
scenario Intermediate-Low of Sweet et al. (2017)was applied to provide conservative estimates of future water surface elevations. In addition, the non-linear relationship of GMSL
rise and increase in storm surge heights (Atkinson et al., 2013; Bilskie et al., 2016; Smith
et al., 2010; Wamsley et al., 2010), (Chapter 4) was accounted for in the surge output via
storm surge model meshes representative of each historical and future year.
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Four distinct phases were established in the evolution of flooding for Lafitte, Louisiana:
1. 1730-1930: no flood defenses required because surge did not propagate far enough inland;
2. 1930-1990: Barataria Waterway dredged for navigation, which added a new pathway for
surge to Lafitte; 3. 1990-2010: wetland collapse between Lafitte and the Gulf of Mexico
(GOM) due to damming of Bayou Lafourche in Donaldsonville in 1906; 4. 2010-2110:
Periodic drowning due to conversion of all wetlands between Lafitte and the GOM to
open water. Mean maximum of maximums (MOM) water surface elevations increased
approximately a half meter from 1990 to 2010 due to wetland collapse. The length of the
required levees increased to 47.55 km from 14.50 km because Bayou Barataria began to
overflow its banks after 1990. A ring levee consisting of both levees and flood gates was
required to resist surge from Hurricane Isaac. The required levee costs increased from (2010
USD) $37,500 in 1990 to $181,600 in 2010. By 2110 the costs to implement Hurricane Isaac
flood defenses increases to $309,800 per person due to relative sea level rise.
The methodology established to quantify historical flood defense costs while maintaining a fixed probability of flooding can be applied beyond Louisiana as a partial means to
evaluating the resilience of coastal communities. The methodology is especially applicable
to communities located on deltaic coasts impacted by relative sea level rise. Pre- and poststorm surge resilience activities include development and implementation of a long-term
plan to address future flood risks. A suite of hurricanes representing storm surges with
1% chance of annual occurrence could be simulated to calculate the cost per person per
kilometer ocean inland migration, which would establish past cost trends. The results of
historical costs analyses assist policy makers in identifying possible resilience measures to
reduce impact from future floods especially considering the type of community being protected. For example, measures such as elevating homes in rural Lafitte could prove more
cost effective than in urban New Orleans where the costs per person are substantially lower
to maintain a hardened flood defense system consisting of levees and flood gates (Louisiana
Recovery Authority, 2007). Wetland restoration between both rural and urban communi-
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ties and the ocean also provides a cost effective means to lower flood defense costs (Reguero
et al., 2018).
Additional considerations should be incorporated in an overall community flood risk
reduction plan. Benefit-cost analyses should be conducted concerning both local and national interests. For example, an energy port could be both prone to flooding and of high
national economic importance (e.g. Port Fourchon). Therefore, benefits of implementing
flood defenses may greatly exceed costs even though the population of permanent residents at the port is very small. Cultural value of both local and national importance may
also play a role in flood risk reduction planning. The communities of Barataria and Jean
Lafitte, for example, possess unique and irreplaceable culinary, historical, musical and architectural qualities that are part of the south Louisiana culture known worldwide (Center
for Planning Excellence, 2014). Community relocation costs are also an important factor
to consider. For example, the community of Isles de Jean Charles, located within the
Terrebonne coastal basin, was awarded a $48.3 million grant by the Department of Housing and Urban Development to relocate further inland. As a community of 100 people,
the relocation cost per person is approximately $483,000 (Varney, 2018). Although future
relocations are expected to require less funding per resident, total relocation costs for a
larger community would likely be substantially greater than those for Isles de Jean Charles
and therefore must be included in a flood risk reduction plan. Future costs due to the
continuing trends in wetland loss, GMSL rise and increasing cyclonic intensity should also
be included in the net present value costs of flood defenses.
5.6

Conclusions
Results demonstrated the substantial challenge rural coastal communities face in future

relative sea level rise. Communities such as Lafitte that have existed for nearly 300 years will
confront ever increasing flood defense costs. For Lafitte, calculating the impact of wetland
loss and relative sea level rise on flood defense costs was possible because the probability
of flooding, population, rate of GMSL rise, and hurricane forcings were held constant or
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near constant from 1970 to 2010. A rough estimate of costs reveals protecting Lafitte from
Hurricane Isaac induced flooding became unsustainable following the collapse of wetlands
between this community and the Gulf of Mexico from 1990 to 2010. The costs to implement
flood protection that resists storm surge from Hurricane Isaac increased from (2010 USD)
$37,500/person in 1990 to $181,000/person in 2010. By 2110, the costs increase to (2010
USD) $309,800/person. In contrast, the cost to protect the more densely populated New
Orleans area was $15,800/person in 2010. Using a slightly different metric, Lafitte flood
defense costs increased from storm surge model mesh year 1970 to 2010 approximately
(2010 USD) $19,000 per person per kilometer inland migration of the GOM.
A similar analysis of quantifying historical storm surge and flood defense costs while
maintaining a constant probability of flooding could be conducted for other unprotected
Louisiana coastal communities including: Des Allemands, Delacroix, Shell Beach, Venice
and coastal communities in southwest Louisiana as well as communities with similar challenges across the world. Costs per person per kilometer ocean inland migration would
demonstrate the rate of change in flood defense costs across coastal regions and identify
coastal communities with higher future flood defense costs. Results would be a component
of an overall resilience evaluation and aid residents and policy makers when designing longterm flood risk reduction plans. Possible resilience measures incorporated in a long-term
risk reduction plan include elevating business and residential structures in rural communities and increasing robustness of hardened flood defenses protecting urban communities.
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Chapter 6
Conclusion
The hypothesis of this dissertation is: “Gulf of Mexico inland migration to coastal
Louisiana correlates with increased storm surge.” The hypothesis was addressed by examining storm surge response to temporal changes in the Louisiana coastal landscape and
global mean sea level (GMSL) from 1850 to 2110. Eleven storm surge models were constructed with each featuring a representation of the Louisiana coastal landscape circa 1850,
1890, 1930, 1970, 1990, 2010, 2030, 2050, 2070, 2090 and 2110. Simulations were performed
for each storm surge model year with the same suite of historical hurricane wind and pressure fields and corresponding GMSL scenario. Differences in storm surge characteristics
were quantified and analyzed.
This dissertation work began in spring 2015 with the question: “How to construct
comparable storm surge models of the Louisiana coastal landscape for various eras between
1850 and 2010?” Widespread application of lidar for topographic mapping did not begin
until 2000. Therefore, storm surge models constructed with data collected pre-2000 would
not be comparable to a detailed storm surge model featuring the modern Louisiana coastal
landscape. A methodology was developed to construct a storm surge model featuring a
simplified representation of the circa 2010 coast.
The storm surge model chosen as the c.2010 model was the well-validated Louisiana
Coastal Protection and Restoration Authority (CPRA) 2017 Coastal Master Plan storm
surge model, which is henceforth referred to as the “detailed model”. The study area
comprised the Louisiana coastal landscape east of Sabine Lake, west of the Pearl River,
south of the Intracoastal Waterway (ICWW) and north of the Gulf of Mexico (GOM).
The detailed model was simplified via application of land to water (L:W) isopleths, lines
depicting areas of constant land to water ratio within the study area. L:W isopleths were
derived in 10% increments and ranged 1%, or virtually open water, to 99%, or virtually
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all land. The 1% L:W isopleth provided the southern boundary for the study area and the
99% L:W isopleth, or ICWW, provided the northern boundary.
Thirty-six storm surge models were constructed with each featuring a different simplified representation of the c.2010 coast to determine which two L:W isopleths between 1%
and 99% best described the interface between water and wetland and between wetland and
high wetland. Hurricane Rita, Gustav and Katrina storm surges were simulated with each
of the 36 simple models and surge output from each storm was compared to that of the detailed model. Hydrologic unit code 12 (HUC12) sub-watersheds, which define the entire or
a partial area of a surface drainage basin, provided bounds to quantify surge results. Mean
absolute differences in Rita, Gustav and Katrina maximum water surface elevations and
mean percent error in volume within all inundated HUC12 sub-watersheds demonstrated
L:W isopleths via coastal zones labeled “submersed” (i.e. open water to wetland between
1% and 40%), “intermediate” (i.e. wetland between 40% and 90%) and “high” (i.e. high
wetland between 90% and 99% or the ICWW) created a simple model that most closely
reproduced surge output of the detailed model. Therefore, this L:W isopleth permutation
was applied in the development of comparable historical and future storm surge models of
the Louisiana coast.
The L:W isopleth permutation Intracoastal Waterway (ICWW)-90%-40%-1% was applied in the development of storm surge models circa 1930, 1970 and 2010. The ICWW
was maintained as the northern most boundary of the study area. Storm surge models
were constructed featuring simplified landscapes of the Louisiana coast circa 1930, 1970
and 2010. The same suite of 14 historical hurricane wind and pressure fields was simulated
with each storm surge model.
The larger Hydrologic Unit Code 6 (HUC6) coastal basins were applied to test the
response of storm surge in sediment-abundant versus sediment-starved Louisiana coastal
basins. The mean maximum water surface elevation within sediment-abundant AtchafalayaVermilion increased 0.16 m from storm surge model mesh year 1930 to 1970 and 0.10 m
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from 1970 to 2010. In contrast, the mean maximum water surface elevation within the adjacent sediment-starved Terrebonne and Barataria coastal basins increased 0.10 m and 0.13
m, respectively from 1930 to 1970 and 0.25 m and 0.28 m, respectively from 1970 to 2010.
Inundation time and maximum significant wave heights demonstrated a similar smaller
increase from 1970 to 2010 within Atchafalaya-Vermilion. Sediment deposition rates from
1930 to 2010 correlate with changes in storm surge statistics. Riverine sediment input
increased within Atchafalaya-Vermilion from approximately 87.1 megatons/year in 1930 to
93.9 MT/year in 1970 while riverine sediment input within Terrebonne and Barataria was
negligible from 1930 to 2010. The decrease in rate of rise of storm surge characteristics
within Atchafalaya-Vermilion from 1970 to 2010 demonstrates an ability of sediment input
to compensate for relative sea level rise (sum of subsidence and GMSL rise) on a coastal
basin scale.
Temporal changes in storm surge characteristics emanated from large-scale factors such
as changes in riverine sediment inputs, global mean sea level (GMSL) rise and excavation of
navigation canals, as well as small-scale factors such as flooding caused by impoundments
created by oil canal spoil banks, salt water intrusion via canal excavation and herbivory.
The three large-scale factors were tested to identify which one contributed the most to
temporal changes in hurricane storm surge while small scale factors were outside the scope
of this study. The deep Calcasieu Lake Shipping Channel (10.22 m) provided a conduit for
increased inland surge heights south of Lake Charles while the other shallower (approximately 3 m deep) north to south navigation canals caused minimal increases of inland surge
height. A simulation that employed the 1930 storm surge model was also conducted with
2010 Gulf of Mexico (GOM) water levels. Output demonstrated minimal surge differences
with the 1930 model simulated at 1930 GOM water levels.
From 1930 to 1970, the Gulf of Mexico migrated inland within all three coastal basins:
Atchafalaya-Vermilion, Terrebonne and Barataria. However, between 1970 and 2010, the
coast prograded toward the GOM 9 m/year within sediment-abundant Atchafalaya-Vermilion
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and retrograded inland 205 m/year and 186 m/year within sediment starved Terrebonne
and Barataria, respectively. Therefore, this sensitivity analysis, in addition to the riverine
sediment input analysis, identified changes in sediment input as the major cause of changes
in inland storm surge characteristics between 1930 and 2010.
The L:W isopleth permutation Intracoastal Waterway (ICWW)-90%-40%-1% was also
applied in the development of storm surge models circa 1850, 1890, 1990, 2030, 2050, 2070,
2090 and 2110. The ICWW was maintained as the northern most boundary of the study
area even though it did not exist in 1850 and 1890. Therefore, storm surge models were
constructed featuring simplified landscapes of the Louisiana coast circa 1850, 1890, 1990,
2030, 2050, 2070, 2090 and 2110, which were comparable to the previously constructed
1930, 1970 and 2010 storm surge models. The same suite of 14 historical hurricane wind
and pressure fields that were applied with the 1930, 1970 and 2010 storm surge models
were also used in storm surge simulations with these eight additional models.
Storm surge models circa 2030 through 2110 were initiated with a conservative future
GMSL rise scenario. Four distinct stages in the evolution of the Louisiana coastal landscape
were identified: 1) 1850-1890: Minimal to no change in landscape; 2) 1890-1930: Disappearance of the coastal forests and excavation of the ICWW and Wax Lake Outlet; 3) 19302010: Substantial wetland loss but also emergence and growth of the Atchafalaya-Wax Lake
Deltas; 4) 2010-2110: Drowning of all three coastal basins, Atchafalaya-Vermilion, Terrebonne and Barataria, due to increased global mean sea level (GMSL) rise and continued
subsidence. The impact of historical deforestation was also tested by parameterizing the
c.1890 historical trees in the simplified c.2010 storm surge model. Locally, the existence of
coastal forests reduced surge heights leeward of the forests and increases surge heights seaward of the forests. However, on the much larger coastal basin scale, average surge heights
were the same both with or without c.1890 historical forests due to the redistribution of
surge within the coastal basin.
Rough estimates of flood defense costs were calculated for the area of Lafitte, Louisiana,
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for each storm surge model year 1930 through 2110. Hurricane Isaac storm surge was the
predominant storm surge that flooded this area for each year. Four distinct phases were
established in the evolution of flooding for Lafitte: 1) 1730-1930: no flood defenses were
required because surge did not propagate to Lafitte; 2) 1930-1990: Barataria Waterway
dredged for navigation, which added a new pathway for surge to Lafitte; 3) 1990-2010:
wetland collapse between Lafitte and the Gulf of Mexico (GOM) due to damming of Bayou
Lafourche in Donaldsonville in 1906; 4) 2010-2110: Drowning due to conversion of all
wetlands to water between Lafitte and the GOM.
Mean maximum of maximums (MOM) water surface elevations in Lafitte increased approximately a half meter between 1990 and 2010. Therefore, by 2010 a ring levee consisting
of both levees and flood gates was required to resist surge from Hurricane Isaac. A ring
levee was not required pre-1990 because Hurricane Isaac storm surge did not overflow the
Bayou Barataria banks. The length of the required levees increased from 14.50 km in 1990
to 47.55 km in 2010, and the required levee implementation costs increased from (2010
USD) $37,500/person in 1990 to $181,600/person in 2010. By 2110 the costs to implement
Hurricane Isaac flood defenses increases to (2010 USD) $309,800 per person due to relative
sea level rise. This analysis demonstrates the substantial challenge rural south Louisiana
coastal communities face in to adapting to future relative sea level rise.
The methods developed and storm surge analysis presented in this dissertation demonstrate how surge responds to changes in the Louisiana coastal landscape and Gulf of Mexico
water level from 1850 to 2110. A major outcome is the development of storm surge models
featuring representations of the Louisiana coast from 1850 through 2110, assuming past
trends continue. Storm surge models spanning the historical range of anthropogenic impacts into the future provide numerous opportunities for follow-on research. Wetland could
be added in anticipation of wetland gain from Mississippi River diversions and the impact
on future storm surge could be investigated. Levees could be inserted back in the storm
surge models to investigate surge response following future wetland loss. Simulations could
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be conducted with hurricanes with greater intensity and the worst-case scenario of future
GMSL rise. Lastly, projecting landscape and surge changes beyond 50 years could aide
policy makers as they work to enhance resilience across coastal Louisiana.
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Appendix B
Supplemental Material for Chapter 4

Figure B.1. Supplemental: Topography and bathymetry: 1850, 1890, 1930 and 1970.
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Figure B.2. Supplemental: Topography and bathymetry: 1990, 2010, 2030 and 2050.
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Figure B.3. Supplemental: Topography and bathymetry: 2070, 2090, 2110 and a) sensitivity analysis (Model 12, Table 4.1).
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Figure B.4. Supplemental: Manning’s n values: 1850, 1890, 1930 and 1970.
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Figure B.5. Supplemental: Manning’s n values: 1990, 2010, 2030 and 2050.
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Figure B.6. Supplemental: Manning’s n values: 2070, 2090, 2110 and a) sensitivity analysis
(Model 12, Table 4.1).
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Figure B.7. Supplemental: surface canopy coefficient: a) 1850-1890, b) 1930-2110. Blue
indicates areas of tree canopy existence while pink indicates areas of no canopy. Surface
directional effective roughness length of 0.55 m exists in the same areas of blue for canopy
for both a) and b).
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